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AN  IMTRODUCTION 


This  present  symposium  represents  an 
important  milestone  in  a  series  of  symposia 
which  have,  over  the  years,  taken  the 
subject  of  high  strength  low  alloy  steels  as 
their  theme.  Looking  back,  this  series  of 
conferences  probably  started  in  1963  when 
the  British  Iron  and  Steel  Research 
Associate  (BISRA)  and  the  British  Iron  and 
Steel  Institute  held  a  conference  in 
Harrogate,  England,  called  "Metallurgical 
Developments  in  Carbon  Steels".  The 
proceedings  of  this  conference  contain  a 
number  of  papers  which  refer  to  the  effects 
of  raicroalloys,  or,  in  the  words  of  I.  M. 
Mackenzie  in  his  foreword  "elements  such  .-s 
nitrogen,  niobium,  alura1ni.im  and  boron".  In 
the  25  years  that  have  followed,  many 
conference  proceedings  have  cronicled  the 
developments  of  this  raicroalloying 
technology  and  the  applications  for  steels 
which  develop  their  properties  on  its 
basis.  Some  of  the  most  auspicious  meet¬ 
ings  were  held  in  Scarborough,  England 
(1967);  Nuremburg,  West  Germany  (1970); 
Cleveland,  Ohio  (1972  &  1975)  »  Washington, 

DC  (1985);  Pittsburgh,  Pennsylvania  (1981)  • 
Philadelphia,  Pennsylvania  (1983); 
Wollongong,  Australia  (1984);  and  Beijing, 
China  (1985),  It  has  become  clear  from 
these  conferences  that  there  are  essentially 
three  microalloying  elements  of  primary 
importance  -  niobium,  vanadium  and 
titanium.  In  1963,  Mackenzie  wrote  “Carbon 
steels  are  produced  in  vastly  greater 
tonnages  than  any  other  type  of  steel  and 
thus,  from  an  economic  point  of  view,  carbon 
steels  can  be  classified  as  the  most 
important  product  of  the  steel  industry. 

This  remains  true  today.  Probably  more  than 
500  million  tonnes  of  carbon  steel  are 
consumed  annually  by  the  world's  industries. 


and  yet,  less  than  ten  percent  of  this  total 
benefits  from  the  use  of  microalloying  to 
increase  its  strength  and  toughness.  Is 
there  some  fundamental  engineering  reason 
why  this  is  the  case?  Are  microalloyed 
steels  Coo  expensive  or  is  it  simply  a 
matter  of  time  before  microalloyed  steels 
are  more  universally  adopted  in  structures. 
It  remains  a  fact  that  microalloying  appears 
to  have  reached  some  degree  of  stagnacy 
during  the  last  few  years,  certainly  if  we 
use  world  niobium  shipments  as  a  barometer, 
and  I  hope  that  one  result  of  this  present 
conference  might  be  a  clarification  of  the 
current  and  future  scatu.j  of  applications 
for  this  class  of  steels.  We  know  much 
about  how  Che  steels  are  made  by  the  steel¬ 
maker  and  we  are  knowledgeable  in  their 
applications  in  the  fields  of  pipelines  and 
automobiles.  But  what  of  other  applications? 
Is  it  unrealistic  to  expect  much  more  carbon 
steel  Co  be  made  using  raicroalloying?  Thar 
is  my  question,  and  I  hope  in  the  next  five 
days  our  symposium  will  provide  the  answer. 
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ABSTRACT 

The  continuing  development  and  application  of 
HSLA  steels  has  evolved  in  part  because  of  the 
constantly  increasing  technology  base  associ¬ 
ated  with  these  steels  as  well  as  the  con¬ 
stantly  increasing  sophistication  in  the 
equipment  and  techniques  used  to  produce  such 
steels.  The  properties  and  service  performance 
of  HSLA  steels  depend  for  the  most  part  on  the 
compositions  and  microstructures  of  these 
steels  which,  in  turn,  are  controlled  by  steel¬ 
making  and  steel  processing.  Because  there  are 
extensive  differences  in  property  requirements 
within  and  among  various  steel  product  forms, 
numerous  steel  compositions  and  processing 
paths  have  evolved  to  satisfy  various  product 
applications.  A  review  of  the  effects  of  steel 
composition  and  microstructure  on  steel  proper¬ 
ties  is  given,  followed  by  an  examination  of 
the  basic  processing  factors  that  control 
microstructure.  The  control  of  microstructure 
through  steel  composition,  slab  heating,  rough¬ 
ing  and  finish  rolling,  controlled  transform¬ 
ation  after  rolling,  and,  in  some  products, 
during  subsequent  processing  is  shown  to  be  of 
fundamental  importance  to  the  successful  pro¬ 
duction  and  application  of  microalloyed  HSLA 
steels. 

NUMEROUS  REVIEWS  of  the  historical  development 
and  of  the  fundamental  metallurgy  of  micro- 
alloyed  high-strength  low-alloy  (HSLA)  steels 
have  appeared  in  various  conference  proceedings 
over  the  past  25  years  (1-18).  Through  these 
references  one  may  follow  the  development  and 
production  of  HSLA  steels  from  rather  empirical 
beginnings  to  the  present  more  scientific 
basis.  This  evolution  of  microalloyed  steels, 
both  in  production  and  in  application,  has 
resulted  because  of  the  constantly  improving 
technology  base,  because  of  the  sophistication 
in  equipment  and  techniques  for  steelmaklng, 
casting,  hot  working,  and  subsequent  process¬ 
ing,  and,  because  of  the  user's  persistence  in 


learning  how  to  design  with,  form,  and  fabri¬ 
cate  this  class  of  steels.  The  end  result  is 
obvious:  HSLA  steels  have  become  widely 
accepted  and,  in  many  applications,  totally 
dominate  the  market,  as  will  be  discussed  by 
others  in  this  conference.  The  acceptance  of 
these  steels  is  a  direct  result  of  the  attrac¬ 
tive  combinations  of  properties  that  can  *- 
developed  in  these  steels,  and  it  is  the  metal¬ 
lurgical  fundamentals  that  allow  these  proper¬ 
ties  to  be  controlled,  which  will  be  addressed 
in  this  paper. 

The  control  of  properties  in  HSLA  steels  is 
accomplished  by  the  control  of  the  composition 
and  microstructure  of  these  steels.  The  term 
"microstructure"  here  is  meant  to  include  all 
aspects  of  the  steel  structure — from  the  atomic 
scale  of  interstitial  and  substitutional  atoms 
in  the  iron  matrix,  through  dislocations  and 
finely  dispersed  precipitates,  through  coarser 
second-phase  particles  and  inclusions,  and  the 
conventional  description  of  ferrite  and  carbide 
phases  (grain  size  and  shape,  carbide  type  and 
distribution,  etc.).  The  control  of  this 
"microstructure"  in  specific  steels  depends  on 
the  control  of  both  steel  composition  and  steel 
processing  and  allows  the  development  of  spe¬ 
cific  sets  of  mechanical  properties  for  indi¬ 
vidual  applications.  The  mechanical  properties 
of  most  common  interest  include  strength, 
ductility  or  formability,  and  notch  toii£;hr.c.-s , 
whereas  specific  applications  may,  for  example, 
require  steels  with  improved  weldability, 
improved  levels  of  through-thickness  ductility, 
improved  corrosion  resistance,  or  improved 
resistance  to  hydrogen-induced  cracking  (HIC), 
and  sulfide  stress  cracking  (SSC).  The  proper¬ 
ties  required  for  specific  applications  are 
associated  with  improved  fabricabili ty  of  the 
steels  and/or  improved  service  performance. 
Naturally,  design  considerations  play  an 
equally  important  role  in  determining  the 
service  performance  of  any  steel  component  or 
structure,  but  design  will  not  be  discussed  in 
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this  paper. 

Because  various  product  forms  (e.g., 
plates,  structurals,  sheets,  bars,  tubular 
goods,  forgings)  can  undergo  significantly 
different  processing  histories,  it  is  useful  to 
first  review  the  relationships  among  properties 
and  microstructure  and  then  examine  the  rela¬ 
tionships  among  processing  and  microstructure 
so  that  an  overall  picture  can  be  gained  of  the 
important  microstructural  features  that  need  to 
be  controlled  and  of  how  they  may  be  con¬ 
trolled.  By  knowing  the  required  properties 
and  microstructure  for  a  given  application,  a 
combination  of  steel  composition  and  thermo- 
mechanical  processing  conditions  can  be  better 
defined  to  achieve  the  particular  microstruc¬ 
ture/property  objectives. 

MICROSTRUCTLTRE/PROPERTY  RELATIONSHIPS 

For  the  mechanical  properties  of  general 
interest,  empirical  relationships  have  been 
developed  between  composition  and  microstruc¬ 
tural  features  and  specific  properties  as 
briefly  outlined  below. 

STRENGTH  -  A  modified  Hall-Petch  relation¬ 
ship  can  generally  be  used  to  describe  the 
yield  or  tensile  strength  of  low-carbon  steels 
in  terms  of  compositional  and  microstructural 
features,  Eq.  (1). 

<J=  (Tq  +  O535  +  Ojjj  +  Oppx  +  '^DSL  ‘^SUB 

OspH  *  ky  d-1/'*  (1) 

In  this  equation,  <Jq  and  ky  are  constants,  and 
the  various  sigma  (o)  terms  represent  the 
intrinsic  matrix  hardening  (Og),  substitutional 
solid  solution  strengthening  (<isss)>  intersti¬ 
tial  solid  solution  strengthening  (ojjj),  pre¬ 
cipitation  strengthening  ((Jpp.j),  dislocation 
strengthening  (Odsl)’  substructure  strengthen¬ 
ing  (Osub)’  second  phase  strengthening 
(Ojph).  The  term  d  is  the  ferrite  grain  diam¬ 
eter.  Of  all  the  terras  on  the  right-hand  side 
of  the  equation,  only  Og  and  Osss  indepen¬ 
dent  of  the  processing  history  of  the  steel. 

The  substitutional  solid  solution  strengthening 
term  [k""(;i:Mn)  +  ksi(3:Si)  +  k‘’(XP)  +  k'-f^Cu) 

+  k'’*(%Ni)  +  . 1  for  ferrite  depends 

only  on  the  amount  of  each  element  present  (Xx) 
and  its  relative  strengthening  effect  (k")  and 
can  be  consistently  relied  on  in  hot  rolled, 
thermomechanically  controlled  processed  (TMCP), 
normalized,  or  annealed  products.  All  the 
remaining  terms  are  dependent  both  on  composi¬ 
tion  and  processing  history  and  will  be  dis¬ 
cussed  in  more  detail  in  the  section  on 
Process Ing/Mic rost rue ture  Relationships. 

To  provide  some  insight  into  the  relative 
contributions  of  each  terra  in  Eq.  (1)  to  yield 
strength.  Figures  1-3  and  Table  1  give  repre¬ 
sentative  values  or  ranges  for  the  magnitude  of 


these  terms  for  hot-rolled  (or  TMCP)  steels 
with  ferritic  microstructures.  As  shown, 
refined  ferrite  grain  sizes,  and  precipitation 
hardening  can  provide  substantial  increases  in 
strength  in  such  steels  and,  in  fact,  are  the 
primary  contributors  to  strength  in  many  hot- 
rolled  HSLA  steels.  The  contribution  of  Oiss 
and  are  generally  small  in  most  hol-rolled 

products,  but  there  are  exceptions  to  this  rule 
in  that  nitrogenized  steels  can  contain  a  sig¬ 
nificant  (Tjsg  term,  and  dislocation  strengthen¬ 
ing  (Oggj_  and  Ojub)  can  be  present  in  inter- 
critically  rolled  products  or  steels  trans¬ 
formed  to  acicular  or  bainitic  ferrite. 
Second-phase  hardening,  for  example  by  pearlite 
in  ferri te-pearli te  steels,  does  not  contribute 
to  yield  strength  but  does  contribute  signi'^i- 
cantly  to  tensile  strength  in  low-carbon 
steels.  Other  second  phases,  such  as  marten¬ 
site  or  the  martensite-austenite  (MA)  constit¬ 
uent  in  dual-phase  ferrite-martensite  steels, 
can  actually  decrease  yield  strength  while 
increasing  tensile  strength. 

It  should  be  noted  that  even  simple  changes 
in  the  composition  or  processing  practice  of 
HSLA  steels  generally  produce  multiple  effects 
in  terms  of  the  various  factors  in  Eq.  (1). 

For  example,  if  a  small  Ni  addition  is  made  to 
a  microalloyed  steel,  no  solid-solution  harden¬ 
ing  is  expected,  but  as  will  be  described  in  a 
later  section,  the  austenite-to-ferrite  trans¬ 
formation  is  affected,  and  changes  in  both 
grain  size  and  precipitation  hardening  can 
occur.  Similarly,  changes  in  processing 
practices  can  simultaneously  influence  several 
of  the  terms  in  Eq.  (1). 
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Fig,  1  -  Relarionshlp  between  conventional 
lower  yield  stress  and  (grain  diameter)'!/^ 
(Ref.  19) 
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PRECIPITATE  FRACTION,  I 

Fig.  2  -  The  dependence  of  precipitation 
strengthening  on  precipitate  size  (x)  and 
fraction  according  to  theory  compared  with 
experimental  observations  for  given  micro¬ 
alloying  additions  (Ref.  20-21) 


ALLOY  WEIGHT  °o 

Fig.  3  -  Solid-solution  strengthening  of 
ferrite  (Ref.  22) 


Table  1 

Representative  Contributions  to 
Yield  Strength  in  Hot-Rolled 
Microalloyed  Low-Carbon  Ferritic 
_ Steels,  HPa _ 


Polygonal 

Ferrite 

Acicular 
or  Bainitic 
Ferrite 

Intercri tically 
Rolled  Ferrite 

aO 

80 

80 

80 

aSSS 

10-150 

10-150 

10-150 

oISS 

0-70 

0-70 

0-70 

oPPT 

70-250 

70-250 

70-250 

oDSL 

- 

0-200 

- 

oSUB 

- 

- 

0-150 

oSPH 

- 

- 

_ 

k 

•^y  d 

150-300 

150-300 

150-300 

DUCTILITY  -  The  term  "ductility"  has  a 
variety  of  meanings  to  the  steel  producer  or 
steel  user,  including  uniform  or  total  tensile 
elongation,  reduction  of  area,  strain-hardening 
exponent  (n-value),  stretchability ,  drawabil- 
ity,  bendability,  and  forming  limit.  Regard¬ 
less  of  the  measure  of  ductility  selected, 
increasing  strength  levels  invariably  produce 
lower  tensile  elongation  values  and  decreased 
formability.  However,  different  types  of 
steels  may  have  different  strength-ductility 
relationships  on  an  absolute  scale  so  that  at 
any  given  strength  level,  steels  with  different 
ductility  levels  can  be  found.  As  shown  in 
Figures  4  and  5  for  hot-  and  cold-rolled  sheet 
products,  different  levels  of  ductility  can  be 
obtained  at  any  given  strength  level  depending 
on  the  strengthening  mechanism(s)  employed. 


TENSILE  STRENGTH  ksi 


300  400  500  600  700 


TENSILE  STRENGTH.  MPa 

Fig.  4  -  Strength-elongation  relationships  for 
various  hot-rolled  sheet  steels 


TENSILE  STRENGTH  ksi 


0  200  400  600  800  1000 

TENSIIE  STRENGTH  MPa 


Fig.  5  -  Strength-elongation  relationships  for 
various  cold-rolled  sheet  steels  (Ref.  23,  24, 
25) 
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Thu:i,  judicious  choice  of  or  avoidance  of 
particular  strengthening  mechanisms  must  be 
made  in  the  design  of  alloy  and  processing 
practices  for  specific  applications.  For 
example,  dual-phase  (ferrite-martensite)  steels 
offer  the  maximum  elongation  for  a  given 
tensile  strength  for  both  hot-  and  cold-rolled 
sheet  products,  but  such  steels  may  only  be 
required  for  the  most  difficult  forming 
application  and  could  be  an  unnecessarily 
expensive  choice  of  steels.  Cold  working  is 
probably  the  least  expensive  strengthening 
mechanism  (cold  rolling  of  an  unalloyed  low- 
carbon  steel),  but  such  steels  provide  little 
residual  ductility  for  further  cold  forming 
during  fabrication.  The  major  portion  of  HSLA 
steels  in  all  product  forms  use  combinations  of 
solid  solution  elements  and  microalloying 
elements  for  strengthening. 

NOTCH  TOUGHNESS  -  The  resistance  to  brittle 
failure  or  notch  toughness  of  steels  is 
commonly  measured  by  Charpy  V-notch  impact 
testing  and  is  an  extremely  important  consider¬ 
ation  for  high-strength  plate  and  structural 
products  intended  for  constructional,  ship¬ 
building,  line  pipe,  offshore,  pressure  vessel, 
and  other  applications.  The  due t ile- to-bri t tie 
impact  transition  temperature  (ITT)  can  gener¬ 
ally  be  described  by  an  equation  similar  to  the 
Hall-Petch  type  equation  given  earlier  for 
strength,  Eq.  (2),  and,  as 

ITT  =  Tq  +  ATggg  +  ^1*  X  s  s  ^  p  p  T  ^ 

-  kd-^/^  (2) 

shown  in  Figure  6  for  some  common  strengthening 
mechanisms,  the  impact  transition  temperature 
is  raised  by  all  factors  except  grain  refine¬ 
ment,  which,  as  shown,  can  significantly  lower 
(improve)  the  transition  temperature.  The 
ductile  shelf  energy,  or  impact  energy  absorp¬ 
tion,  of  a  steel  depends  primarily  on  strength 
level,  steel  cleanness,  the  presence  of  second 
phases  (such  as  pearlite),  and,  of  course,  test 
specimen  orientation.  Figure  7  shows  a  sche¬ 
matic  set  of  CVN  curves  that  illustrate  the 
major  factors  controlling  the  ductile-to- 
brittle  transiti'’'  curve  and  the  energy  absorp¬ 
tion  curve.  Gen  ally,  the  strength  level  is 
fixed  for  a  particular  application  and  carbon 
contents  (pearlite  contents)  are  low  so  that 
impact  transition  temperature  can  only  be 
lowered  significantly  by  refining  the  ferrite 
grain  size.  The  shelf  energy  for  a  fixed 
strength  level  and  carbon  content  range  is 
controlled  basically  by  control  of  inclusion 
content  and  inclusion  morphology.  Numerous 
papers  in  the  symposiums  already  referenced 
have  documented  the  importance  of  sulfur 
content  and  sulfide  shape  on  the  anisotropy  of 
CVN  energy  absorption,  anisotropy  of  ductility 
in  the  longitudinal,  transverse,  and  through¬ 
thickness  directions,  and  in  the  resistance  of 
certain  steel  products  to  hydrogen-assisted 
cracking  (HIC  and  SSC). 


Fig.  6  -  Microstructural  factors  affecting 
yield  strength  and  impact  transition 
temperature  (Ref.  22) 


TEST  TEMPERATURE 


Fig.  7  -  Schematic  CVN  curves 


FABRICABILITY/SERVICE  PERFORMANCE  REQUIREMENTS 

Over  and  above  the  strength,  ductility  and 
toughness  requirements,  additional  metallurg¬ 
ical  constraints  on  the  design  and  production 
of  raicroalloyed  HSLA  steels  are  imposed  by 
fabrication  and  service  performance  require¬ 
ments.  Because  of  the  wide  variety  of  product 
forms  and  applications  for  HSLA  steels,  these 
additional  constraints  can  also  vary  widely. 

The  two  major  fabrication  requirements  are 
formability  and  weldability.  Service  perfor¬ 
mance  requirements  can  include  numerous  fac¬ 
tors,  usually  in  combination,  such  as  resis¬ 
tance  to  static  loading,  dynamic  loading, 
fatigue  failure,  laminar  tearing,  corrosion, 
hydrogen-induced  cracking,  stress-corrosion 
cracking,  ballistic  penetration,  etc.  It  is 
not  the  intent  of  this  paper  to  review  each  of 
these  factors  associated  with  fabrication  and 
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service  performance,  but  it  should  be  noted 
that  the  control  of  steel  composition  and 
cleanness  during  steelmaking  and  casting  and 
the  control  of  microstructure  during  steel 
processing  are  used  to  impart  specific  charac¬ 
teristics  to  the  steel  to  meet  specific  fabri¬ 
cation  and  service  performance  requirements. 

HICROSTRUCTURE/ PROCESSING  RELATIONSHIPS 

As  noted  earlier,  the  final  microstructure 
in  any  steel  product  depends  both  on  steel 
composition  and  processing  history.  The  fol¬ 
lowing  sections  will  briefly  describe  the 
interaction  between  composition  and  processing 
in  controlling  the  austenitic  microstructure 
during  heating  prior  to  hot  working  and  during 
the  hot  deformation  steps,  in  controlling  the 
austenite-to-ferrite  transformation,  and  where 
applicable,  in  controlling  the  microstructure 
during  subsequent  processing  steps. 

STEEL  HEATING  -  The  heating  of  steel  slabs, 
billets,  etc.,  prior  to  hot  working  accom¬ 
plishes  several  purposes  including  softening 
the  steel  for  hot  working,  providing  a  suffi¬ 
ciently  high  initial  temperature  so  that 
finishing  passes  are  completed  in  the  fully 
austenitic  temperature  region  for  some  products 
(e.g.,  hot-strip  mill  sheet),  and  dissolving 
carbides  or  nitrides  that  need  to  be  precipi¬ 
tated  at  some  later  stage  of  processing.  Along 
with  these  positive  effects,  the  austenite 
grain  size  may  be  significantly  coarsened  and 
these  grains  must  then  be  sufficiently  refined 
during  hot  deformation  to  produce  the  required 
ferrite  grain  size  during  transformation. 

Examining  the  solubility  relationships  of 
various  carbides  and  nitrides  in  austenite. 
Figure  8,  it  is  apparent  that  a  wide  range  of 
compound  stabilities  exist  from  the  very  stable 
or  highly  insoluble  titanium  nitride  to  the 
very  soluble  vanadium  carbide.  During  the 
reheating  of  steel,  a  fine  dispersion  of  pre¬ 
cipitated  carbonitride  particles  acts  to  pin 
austenite  grain  boundaries  and  prevent  grain 
growth.  However,  at  sufficiently  high  temper¬ 
ature  and/or  sufficiently  long  times,  the 
particles  dissolve  and/or  coarsen  so  that 
boundary  pinning  effects  diminish  and  grain 
coarsening  occurs.  Examples  of  the  grain 
coarsening  behavior  of  various  microalloyed 
steels  are  shown  in  Figures  9  and  10,  and  these 
data  suggest,  as  one  might  expect,  that  the 
most  stable  compounds  are  more  effective  in 
preventing  grain  growth  at  higher  temperatures. 
It  is  to  be  noted  that,  in  addition  to  the 
solubility  considerations,  the  volume  fraction 
and  size  of  the  precipitate  particles  are 
obviously  important  inasmuch  as  the  grain 
boundary  pinning  can  be  described  by  Eq.  (3). 


where  D  is  the  austenite  grain  diameter,  A  is  a 
constant,  p  the  precipitate  diameter,  and  f„ 
the  volume  fraction  of  precipitate  particles. 

HSLA  steels  often  employ  multiple  micro¬ 
alloying  additions  in  order  to  achieve  a 
balance  of  microstructural  control.  For 
example,  titanium  nitrides  can  be  used  for 
austenite  grain  size  control  during  slab  heat¬ 
ing,  niobium  can  be  used  to  control  recrystal- 
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Fig.  8  -  Solubility  product  vs.  temperature  for 
eight  compounds  in  austenite 
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Fig.  9  -  Austenite  grain-coarsening  charac¬ 
teristic  of  several  Nb-containing  steels  (Ref. 
26) 
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Fig.  11  -  Schematic  representation  of  the  TMCP 
process  (Ref.  28) 


Fig.  10  -  Austenite  grain-coarsening  charac¬ 
teristics  of  various  microalloyed  steels  (Ref. 
27) 

lization  of  austenite  during  rolling,  and 
niobium  and/or  vanadium  can  be  used  to  achieve 
precipitation  strengthening  of  ferrite. 

DEFORMATION  OF  AUSTENITE  -  The  deformation 
of  austenite  is  generally  divided  into  several 
ranges  as  schematically  illustrated  in  Figure 
11.  At  the  highest  temperatures,  recrystalli¬ 
zation  is  generally  rapid  and  complete  before 
subsequent  deformation  steps.  Following 
recrystallization,  grain  growth  may  occur  de¬ 
pending  on  time,  temperature,  and  the  presence 
or  absence  of  precipitate  particles.  At  lower 
temperatures,  recrystallization  may  be  par¬ 
tially  or  totally  suppressed  so  that  grain 
flattening  and  strain  accumulation  occurs.  At 
very  low  temperatures,  deformation  may  be  ex¬ 
tended  into  the  two-phase  austenite-plus- 
ferrite  region  so  that  both  austenite  and 
ferrite  are  deformed  (intercritical  rolling). 

As  will  be  shown,  these  temperature  ranges  are 
sensitive  to  steel  composition  and  to  process¬ 
ing  variables. 

For  the  precipitate  compounds  that  were 
dissolved  during  slab  heating,  the  continual 
decrease  of  temperature  in  the  workpiece  even¬ 
tually  causes  the  austenite  to  become  super¬ 
saturated  with  respect  to  compound  formation  so 
that  precipitate  nucleation  may  occur  (particu¬ 
larly  during  straining)  followed  by  particle 
growth. 

RECRYSTALLIZATION  DEFORMATION  -  The  general 
objective  of  the  initial  high-temperature 
deformation  steps  after  reheating  of  micro- 
alloyed  steels  (aside  from  shape  changes)  is  to 
continually  refine  the  austenite  grain  struc¬ 
ture  developed  at  the  reheat  temperature.  The 
recrystallization  and  grain  growth  steps  asso¬ 
ciated  with  each  deformation  step  have  been 


extensively  studied  in  various  steels,  and 
micros t rue tural  models  have  been  developed 
(29-32)  that  allow  the  calculation  of  the  final 
recrystallized  austenite  grain  size  as  a  func¬ 
tion  of  starting  grain  size,  deformation 
strain,  strain  rate,  deformation  temperature, 
time  sequence  of  the  deformation  steps,  and  the 
presence  of  fine  dispersions  of  grain  boundary 
pinning  particles.  Finer  initial  austenite 
grain  sizes,  higher  strains  and  strain  rates, 
and  lower  temperatures  act  to  produce  finer 
recrystallized  grain  sizes.  A  representative 
result  of  such  a  calculation  for  recrystalli¬ 
zation  rolling  is  shown  in  Figure  12.  As 
shown,  in  the  presence  of  effective  pinning 
particles,  grain  growth  between  deformation 
steps  is  suppressed  in  the  Nb  steel.  In 
general,  such  precipitates  may  pre-exist  in  the 
steel  at  the  heating  temperature  or  may  be  in¬ 
troduced  by  strain-induced  precipitation  during 
deformation. 


TIME  S 


Fig.  12  -  Calculated  grain  sizes  in 
recrystallization  rolled  C-Mn  and  C-Mn-Nb 
Steels  (Ref.  29) 
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The  ranges  of  strains,  strain  rate,  temper¬ 
atures,  and  times  associated  with  the  recrys¬ 
tallization  deformation  of  various  steel 
products  are  fairly  broad.  For  some  steel 
products,  recrystallization  deformation  may 
represent  the  entire  austenite  deformation 
cycle.  For  example,  for  very  thick  plates,  the 
temperature  may  decrease  by  a  relatively  small 
amount  over  the  entire  deformation  cycle  and 
strains  in  each  rolling  pass  will  be  relatively 
small.  Similarly,  heavy  structural  sections, 
seamless  pipe,  and  large  forgings  may  be  de¬ 
formed  only  at  high  temperatures,  although 
deformation  strains  can  be  large.  To  offset 
the  generally  undesirable  effect  of  very  high 
final  deformation  temperatures  on  austenite 
grain  size,  consideration  can  be  given  to  using 
stable  precipitates  to  control  the  starting 
austenite  grain  size,  reducing  the  reheat 
temperature,  adding  time  delays  to  achieve 
additional  radiation  cooling,  and/or  intro¬ 
ducing  one  or  more  accelerated  cooling  steps 
(for  example,  by  water  spray  cooling)  between 
deformation  steps.  The  choice  of  technique 
used  will  depend  on  the  microalloying  system  in 
use  and  the  particular  product  form  and  manu¬ 
facturing  facility  available. 

For  thermomechanically  processed  (TMCP) 
plates  and  hot-strip-mill  products,  which 
receive  only  a  portion  of  their  total  deforma¬ 
tion  at  the  highest  temperatures  (the  so-called 
roughing  passes),  the  same  objective  of  pro¬ 
ducing  as  fine  an  austenite  grain  size  as 
possible  at  this  point  generally  applies.  For 
plate  products,  somewhat  greater  flexibility  in 
the  specification  of  slab  reheating  temperature 
is  available,  whereas  for  hot-strip-mill  prod¬ 
ucts,  the  slab-heating  temperature  is  rela¬ 
tively  fixed  and  usually  high  (to  achieve 
required  minimum  finishing  temperatures).  Off¬ 
setting  the  higher  slab-heating  temperatures 
and  consequent  higher  rolling  temperatures  are 
the  considerably  higher  strains  per  pass  used 
on  hot-strip  mills  in  contrast  to  plate  mills. 

Bar  and  rod  mills  can  produce  increases  in 
product  temperature  during  the  finishing  passes 
(and  consequent  undesirable  microstructural 
effect),  because  of  the  very  high  strains  and 
strain  rates  and  short  interpass  times.  To 
offset  this  adiabatic  heating,  interstand  cool¬ 
ing  sprays  are  employed  for  temperature  (and 
microstructural)  control  (33). 

DELAYS  FOR  TEMPERATURE  REDUCTION  -  Because 
of  the  major  influence  of  temperature  on 
recrystallization  and  grain  growth  for  recrys¬ 
tallization  controlled  rolling  (RCR)  and 
because  it  can  be  advantageous  to  deform  a 
given  steel  at  low  RCR  temperatures  or  even 
below  the  RCR  temperature,  it  is  desirable  to 
hold  the  partially  rolled  steel  and  simply 
allow  it  to  air  cool  to  some  predetermined 
lower  temperature  before  continuation  of  roll¬ 
ing,  or  to  accelerate  cool  the  steel  with  water 


sprays.  Accelerated  cooling  can  also  be  con¬ 
ducted  before  and/or  during  the  initial  rolling 
passes  (roughing  passes),  the  objective,  of 
course,  being  to  force  the  deformation  and 
recrystallization  to  lower  temperatures  and 
thereby  maximize  austenite  grain  refinement 
(34),  especially  at  the  center  portions  of 
thick  sections.  A  potentially  undesirable 
feature  of  decreasing  the  deformation  tempera¬ 
ture  is  that  the  deformation  resistance  of 
steels  increases  substantially.  Figure  13, 
thereby  increasing  power  requirements  and,  in 
some  instances,  going  beyond  the  capabilities 
of  specific  plant  equipment,  or  requiring  a 
greater  number  of  deformation  steps  (reduced 
mill  throughput)  to  achieve  final  dimensions. 


Fig.  13  -  Comparison  of  roll-separating  forces 
of  steels  that  achieve  an  80  ksi  yield 
strength. 


FINISHING  DEFORMATION  -  The  final  deforma¬ 
tion  of  various  steel  products  can  occur  over  a 
very  wide  temperature  range,  depending  on 
product  dimensions,  heating,  and  rolling 
practice,  and  can  occur  above  or  below  the 
austenite  recrystallization  temperature  depend¬ 
ing  to  a  great  extent  on  microalloy  content. 
Figure  14.  For  steels  and  deformation  condi¬ 
tions  that  promote  austenite  recrystallization, 
discussion  of  the  finishing  deformation  is 
simply  an  extension  of  the  recrystallization 
deformation  section  given  earlier.  However,  as 
temperature  decreases,  as  interpass  times 
become  short  between  subsequent  passes,  and  as 
microalloying  effects  are  encountered,  recrys¬ 
tallization  of  the  austenite  is  either  incom¬ 
plete  or  nonexistent  from  one  particular  pass 
to  the  next.  As  shown  in  Figure  15,  for 
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Fig.  14  -  The  increase  in  recrystallization 
stop  temperature  with  increase  in  the  level  of 
microalloy  solutes  for  an  interpass  time  of  10 
sec  (Ref.  35) 


inteppass  time  sec 

Fig.  15  -  Effect  of  Interpass  time  and  steel 
chemistry  on  the  softening  (recrystalliztion) 
at  three  deformation  temperatures  (A)  1000'’C, 
(B)  900’‘C,  (C)  BOO'C  (Ref.  36) 


several  steels  deformed  under  specific  condit¬ 
ions,  the  recovery  and  recrystallization  of 
austenite,  as  determined  by  relative  softening 
measurements,  can  be  highly  time,  temperature, 
and  compositional  dependent.  For  a  given  steel 
composition,  when  rolling  with  these  conditions 
on  a  reversing  plate  mill  with  interpass  times 
of  at  least  five  seconds,  recrystallization  may 
be  essentially  complete  before  the  next  pass, 
while  on  a  high-speed  bar,  rod,  or  strip  mill 
with  interpass  times  of  less  than  one  second, 
only  partial  recovery  will  occur  (the  next  pass 
or  passes,  however,  may  give  enough  cumulative 
strain  to  produce  at  least  partial  recrystalli¬ 
zation).  These  differences  in  behavior  of 
various  steels  on  specific  processing  equipment 
actually  afford  the  metallurgist  with  an  oppor¬ 
tunity  to  design  the  steel  alloy  and  microalloy 
content  to  produce  desired  austenite  micro¬ 
structures  throughout  and  at  the  end  of  defor¬ 
mation  for  the  particular  product  form  and 
required  final  mechanical  properties. 

A  useful  concept  in  discussing  the  relative 
condition  of  the  austenite  at  the  end  of  the 


total  deformation  schedule  is  the  surface  area 
of  grain  boundaries  per  unit  volume  (S^),  which 
is  considered  as  a  measure  of  potential  nuclea- 
tlon  sites  for  ferrite  during  the  austenite-to- 
ferrite  transformation.  As  shown  in  Figure  16, 
the  value  of  Increases  with  increased 
reduction  below  the  recrystallization  tempera¬ 
ture  and  would  also  increase  with  finer  initial 
grain  diameter  (Sy  =  2000/Dy  where  Sy  is  in 
mm-i  and  Dy  is  in  pro).  The  Sy  value  is  addi¬ 
tionally  raised  by  the  introduction  of  defor¬ 
mation  bands  within  the  austenite  grains  as 
indicated  in  the  figure. 


REDUCTION,  % 

Fig.  16  -  Effect  of  grain  flattening  and 
deformation  band  formation  on  Sy  (Ref.  37) 


AUSTENITE  TRANSFORMATION  -  The  final  step 
in  controlling  the  microstructure  in  many 
products  is  during  cooling  from  the  last 
deformation  step  to  room  temperature.  This 
transformation  is  basically  controlled  by  the 
cooling  path  taken  through  the  continuous- 
cooling-transformation  (CCT)  diagram  for  the 
particular  steel  of  interest.  Although  this 
sounds  relatively  simple,  the  CCT  diagram  for  a 
given  steel  is  strongly  influenced  by  the  con¬ 
dition  of  the  austenite  prior  to  transformation 
(the  grain  size  of  recrystallized  austenite  or 
the  extent  of  deformation  of  unrecrystallized 
austenite),  and  the  fact  that  the  cooling  rate 
is  often  not  continuous  (for  example,  with 
interrupted  accelerated  cooled  plate  and  with 
hot-strip-mill  coils).  The  task  then  becomes 
the  design  of  alloy,  microalloying,  and  austen¬ 
ite  processing  combinations  to  fit  an  existing 
facility  capability,  or  the  design  of  new 
facilities  usually  to  accommodate  modified 
steel  compositions  and  processing  practices  to 
produce  desired  raicrostructures  and  properties. 

By  briefly  examining  some  of  the  basic 
factors  that  control  austenite  transformation, 
a  general  understanding  of  microstructural 
control  can  be  gained.  The  schematic 
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continuous-cooling- transformation  diagrams 
(dashed  and  solid  lines)  given  in  Figure  17 
illustrate  the  general  effects  of  composition 
and  austenite  condition  on  transformation. 


Fig.  17  -  Schematic  effects  of  alloy  content 
and  of  austenite  conditioning  on  the  continuous 
cooling-transformation  diagram 

Alloying  additions  that  increase  austenite 
hardenabili ty  suppress  transformation  to  lower 
temperatures  thereby  promoting  ferrite  nuclea- 
tion  over  ferrite  growth  and  leading  to  finer 
ferrite  grain  diameters.  Opposing  this  alloy¬ 
ing  effect,  the  refinement  of  austenite  grain 
size  and  the  deformation  of  austenite  below  the 
austenite  recrystallization  temperature  both 
tend  to  accelerate  transformation  so  that  for  a 
fixed  cooling  rate,  transformation  starts  at  a 
high  temperature.  The  magnitude  of  the 
increase  in  transformation  temperature  is  shown 
in  Figure  18  for  a  Nb  steel  rolled  by  various 
reductions  below  the  austenite  recrystalliza¬ 
tion  temperature  and  is  seen  to  be  quite  sig¬ 
nificant.  In  that  same  study  (38),  the  effects 
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Fig.  18  -  The  effect  of  rolling  reduction  below 
recrystallization  temperature  of  y  on  Arj  in  Nb 
steel  (Ref.  38) 


of  composition  on  the  start  of  transformation 
was  determined  as  shown  in  Eq.  (4). 

A.jCC)  =  910-310C-80Mn-20Cu-15Cr-55Ni-80Mo  (4) 

Superimposed  on  the  phase  transformation 
diagrams  are  precipitation  reactions  that  can 
occur  either  simultaneously  with  (interphase 
precipitation)  or  subsequent  to  (general  matrix 
precipitation)  the  formation  of  ferrite  (39). 
Clearly,  the  precipitate  sizes,  and  therefore 
strengthening  effects,  are  controlled  by  the 
time  and  temperature  of  formation. 

The  cooling  rate  through  the  transformation 
range  is  also  extremely  important  to  the 
development  of  the  final  microstructure.  Figure 
19.  Higher  cooling  rates  suppress  transforma¬ 
tion  to  lower  temperatures  and  allow  signifi¬ 
cantly  less  time  for  overall  transformation, 
thereby  favoring  ferrite  nucleation  over 
ferrite  growth.  As  shown  in  Figure  20  for  one 
specific  steel,  both  the  condition  of  the 
austenite  (grain  size  or  Sy)  and  cooling  rate 
through  transformation  strongly  influence  the 
final  ferrite  grain  size.  Recent  studies  (41) 
have  shown  that  for  interrupted  accelerated 
cooled  plate,  a  two-stage  cooling  process, 
which  produces  more  rapid  cooling  during 
ferrite  formation  and  slower  cooling  during 
bainite  formation,  will  produce  higher 
strengths  and  equivalent  toughness  to  steels 
cooled  at  a  single  rate.  Finally,  direct 
quenching  followed  by  tempering,  or  interrupted 
quenching  with  self  tempering,  can  be  used  to 
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Fig.  19  -  Schematic  differences  in  transfor¬ 
mation  behavior  of  two  steels  as  a  function  of 
runout-table  cooling  rate 
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Fig.  20  -  Effect  of  prior  austenite  grain  size 
and  cooling  rate  during  transformation  on  the 
final  ferrite  grain  size  (Ref.  40) 


is  interstitial-free  (IF)  steels  which  contain 
very  low  carbon  and  nitrogen  levels  (<0.005X 
each)  and  have  added  Ti  and/or  Nb  to  effec¬ 
tively  combine  with  all  carbon  and  nitrogen 
atoms,  thereby  producing  a  very  soft,  contin¬ 
uous  yielding  ferrite. 

Normalizing  of  steels,  particularly  struc¬ 
tural  grades,  represents  a  common  processing 
step  following  hot  rolling  and  is  conducted 
primarily  to  improve  the  toughness  of  steel 
products  (primarily  by  grain  refinement)  that 
are  deformed  only  at  relatively  high  tempera¬ 
tures  (because  of  product  thickness  and/or 
limitations  in  mill  processing  equipment).  The 
most  common  microalloying  additions  to  steels 
that  are  normalized  are  Nb  (for  austenite  grain 
size  control  at  the  normalizing  temperature), 
and  V  or  V  plus  N  (for  precipitation  strength¬ 
ening  of  ferrite  formed  during  cooling  from  the 
austenitizing  temperature).  Various  society 
codes  may  require  a  normalizing  treatment  for 
specific  applications;  however,  it  should  be 
noted  that  various  combinations  of  steel 
composition,  thermomechanical  rolling,  and  air 
or  accelerated  cooling  can  be  used  to  produce 
equivalent  strength  and  toughness  levels  to 
those  of  various  normalized  steels.  Such 
interrupted  accelerated  cooled  steels  offer  the 
advantage  of  lower  carbon  equivalent  values  at 
any  given  strength  level  when  compared  with 
normalized  steels.  Figure  21. 


produce  martensitic  or  bainitic  microstructures 
either  in  the  full  section  or  as  a  case  around 
a  softer  core  (14). 

FURTHER  PROCESSING  -  Although  many  HSLA 
steels  are  used  directly  after  hot  rolling  or 
thermomechanical  processing,  other  microalloyed 
grades  will  receive  further  mechanical  and/or 
thermal  treatments.  High-strength  cold-rolled 
sheet  steels  are  one  obvious  example  of  such 
subsequent  processing  where  cold  reduction  is 
followed  by  a  batch-  or  continuous-annealing 
treatment.  Because  precipitate  coarsening  will 
accompany  the  annealing  treatment,  such  steels 
rely  on  grain  refinement  and  substitutional 
solid-solution  strengthening  to  achieve  inter¬ 
mediate  strength  levels.  Very  high-strength 
cold-rolled  steels  are  produced  by  cold  rolling 
high-strength  hot-rolled  steels  followed  by 
recovery  annealing  so  that  most  of  the  dislo¬ 
cation  strengthening  is  retained.  Bake¬ 
hardening  steels  represent  a  relatively  low- 
strength  class  of  "high-strength"  cold-rolled 
steels  that  utilize  carbon  retained  in  inter¬ 
stitial  solid  solution  to  produce  a  strain 
aging  effect  in  formed  and  paint-baked  parts, 
particularly  automotive  panels.  Such  bake¬ 
hardening  steels  are  generally  not  microalloyed 
steel,  but  are  simple  C-Mn  steels  with  or 
without  solid-solution-hardening  elements  such 
as  silicon  or  phosphorus.  A  final  class  of 
microalloyed  sheet  steels  that  may  be  mentioned 


CARBON  EQUIVALENT.  % 

Fig.  21  -  Representative  data  for  the  effect  of 
carbon  equivalent  on  the  strength  of  normalized 
(N)  and  interrupted  accelerated  cooled  (lAC) 
heavy-gage  plate  steels  (Ref.  42) 


Quenching  and  tempering  may  also  be  used  as 
a  subsequent  treatment  to  produce  specific 
properties  in  hot-rolled  products.  For 
example,  very  low-carbon  Cu-Ni-Cr-Mo-Nb  steels 
(ASTM  A710,  HSLA  80,  or  HSLA  100  types)  with 
550  to  690  MPa  yield  strengths  are  used  in 
naval  ship  construction  and  have  fine-grained 
polygonal-  or  acicular-ferri te  microstructures 
strengthened  by  fine  Cu  precipitates  that  form 
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during  aging  (43,  44).  The  Nb  microalloy  addi¬ 
tion  serves  primarily  as  a  grain  refiner  during 
austenitizing.  Similar  lower  strength  (345  to 
450  MPa  yield  strength),  polygonal,  or 
acicular-ferri te  steels  can  be  produced  by 
quenching  and  tempering  of  low-carbon  Mn-Nb  or 
Mn-Nb-V  steels  with  possible  small  alloy  addi¬ 
tions  for  hardenability  control  (42). 


SUMMARY 

A  brief  review  of  the  metallurgical  funda¬ 
mentals  associated  with  microstructural  and 
mechanical-property  control  in  microalloyed 
HSLA  steels  has  been  presented.  Specific 
applications  generally  dictate  the  required 
properties,  and  specific  steel  compositions  and 
thermomechanical  processing  treatments  can  be 
combined  to  attain  these  properties.  Total 
microstructural  control  is  achieved  only  with 
careful  attention  to  control  of  steel  composi¬ 
tion  followed  by  control  of  each  processing 
step  from  steel  heating  prior  to  processing 
through  steel  cooling  following  processing. 

The  basic  studies  conducted  in  laboratories 
throughout  the  world  have  been  translated  into 
production  techniques  and  facilities  to  supply 
the  HSLA  steel  marketplace.  Continuing  studies 
will  doubtless  lead  to  the  refinement  of  exist¬ 
ing  products  and  the  development  of  new  micro- 
alloyed  steels. 
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ABSTRACT 

This  paper  introduces  a  report  which  was  prepared  under  the 
auspices  of  the  Committee  for  Technology  of  the  International 
Iron  and  Steel  Institute  The  report  can  be  ordered  at  this 
congress 

Studies  in  the  report  illustrate 

The  range  of  HSLA  steels  available  for  particular 

applications  and  how  they  have  developed  in 

response  to  market  requirements 

The  role  of  MSI. A  steel  in  reducing  the  cost  of 

steel  based  constructions 

Production  facilities  required  for  the  successful 

manufacture  of  MSLA  steel 

The  types  of  HSLA  steel  differ  substantially  between  market 
sectors  or  even  product  forms  and  linepipe,  structural  and 
pressure  vessel,  shipbuilding,  offshore  and  cold  forming  strip 
steels  are  therefore  separately  examined  In  each  case  there  is 
a  commentary  on  the  types  of  steel  used  and  specifications 
that  are  relevant  together  with  information  on  their 
properties  and  other  characteristics  that  relate  to  particular 
end  uses  General  aspects  of  steel  production  and  metallurgy- 
are  briefly  dealt  with  in  a  separate  chapter 
The  report  concludes  with  a  section  on  the  economic 
advantages  of  HSLA  steels  and  the  part  they  play  in 
responding  to  the  challenge  of  competing  materials  In  this  it 
is  concluded  that  for  steel  users  specific  economics  can  be 
obtained  from  the  use  of  HSLA  steels  both  in  construction  and 
operational  areas 


THIS  PAPKR  I.N'TRODUCKS  A  RKPORT  which  was 
prepared  under  the  auspices  of  the  Committee  for  Technology 
of  the  International  Iron  and  Steel  Institute. 

Steel  as  a  constructional  material  has  been  virtually 
unrivalled  since  the  late  19th  century  because  of  its  strength, 
relative  ease  of  fabrication  and  low  cost.  While  this  remains 
true  today,  competition  from  other  materials  such  as  concrete, 
plastic  and  non  ferrous  materials  is  growing  and  steel  must 
continue  to  develop  its  virtues  if  it  is  to  remain  competitive 
Further  improvements  in  strength  were  an  obvious  goal  and 
have  received  much  attention  from  steelmakers  during  the 
past  50  years  in  particular  In  more  recent  steels  it  has  been 


recognised  that  the  fabrication  and  design  of  modern 
structures  calls  in  particular  for  high  standards  of  weldability 
and  fracture  toughness  as  well  as  low  production  costs  The 
category  of  steels  commonly  referred  to  as  HSLA  (high 
strength  low  alloy)  incorporate  these  virtues  and  has  been  the 
steel  producers’  response  to  updating  the  versatility  of  steel 
The  steels  have  proved  to  be  extremely  successful 

The  Committee  for  Technology  of  the  Iron  and  Steel 
Institute  considered  a  review  of  HSLA  steels  as  timely  and  set 
up  a  special  Study  Team  (see  Apendix  1)  to  prepare  a  report  on 
the  subject.  The  objective  set  for  the  study  was  to  examine  the 
significance  of  HSLA  steel  for  IISI  members,  with  particular 
reference  to  their  role  in  developing  markets  for  steel 
products.  It  was  recognised  also  that  manufacturing 
techniques  for  HSLA  steels  would  in  many  cases  be  different 
from  those  required  for  more  normal  grades  of  steel  and  these 
aspects  were  also  to  be  highlighted  in  the  study 

In  its  deliberations  the  Study  Team  noted  that  there  was 
already  in  existence  a  very  substantial  technical  literature  on 
the  subject  of  HSLA  steels  particularly  on  metallurgical  topics 
and  took  the  view  that  there  was  no  need  in  its  report  to 
restate  basic  metallurgy 

Because  the  types  of  HSLA  steel  differ  quite  markedly 
between  the  various  product  forms,  it  was  considered  desirable 
to  .separately  examine  the  situation  in  linepipe,  structural  and 
pressure  ves.scl,  shipbuilding  and  offshore  and  cold  forming 
strip  steels  The  report  therefore  contains  separate  chapters 
for  each  of  these  markets 

Before  moving  on  to  more  detailed  consideration  of  these 
steels  it  is  v.  irth  draw  ing  attention  to  two  relevant  points 

Although  the  cost  of  manufacturing  steel  is  generally 
only  a  small  proportion  of  the  total  cost  of  constructing  any 
particular  structural  component,  the  delivered  price  of  raw 
steel  remains  an  important  consideration  The  Steel  Industry 
has  met  this  challenge  by  the  adoption  of  new  high 
productivity  and  energy  efficient  methods  of  steelmaking  to 
ensure  that  the  cost  of  steel  in  real  terms  remains  competitive 
Fig  I  illustrates  this  point  in  quite  a  dramatic  way  relative  to 
examples  of  competing  materials  and  it  will  be  seen  that  of 
these  constructional  materials  only  steel  has  actually- 
decreased  in  cost  over  the  past  decade 

The  extent  of  present  use  of  HSLA  steels  for  the  various 
applications  that  will  be  considered  in  this  report  is  illustrated 
in  Table  I  which  throws  up  some  interesting  poin's  Firstly 
the  adoption  of  HSLA  steels  in  linepipe  is  almost  complete  in 
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Europe,  North  America  and  Japan  for  reasons  which  will 
become  more  apparent  in  a  subsequent  chapter.  In 
shipbuilding,  Japanese  builders  have  made  extensive  use  of 
these  steels,  while  the  application  in  Europe  and  North 
American  shipyards  is  much  less,  indicating  perhaps  a  less 
advanced  state  of  technology  in  these  shipyards  but  perhaps  an 
opportunity  for  advance. 

Table  1  -  Proportion  of  HSLA  Produced  Worldwide  (%)  1986 


Eurooe 

North 

America 

Jaoan 

Linepipe 

95 

95 

95 

Shipbuilding 

40 

20 

75 

Offshore  steels 

Plates 

90 

30 

70 

Sections 

70 

20 

10 

Pressure  vessels 

30 

25 

85 

Structural 

Sections 

30 

20 

10 

Sections,  automotive 

70 

70 

30 

Sections,  ships 

15-30 

20 

10 

Sheet  piling 

25 

15 

100 

Rebar 

100 

5 

10 

Plates 

25 

20 

10-30 

Sheet  and  coil  (inc  galv) 

Automotive 

20 

10 

20 

Building  (not  rebar) 

95 

80 

70 

Almost  conversely  the  use  of  high  strength  offshore 
steels  in  Europe  is  at  a  higher  level  than  in  Japan  and  this  is 
due  in  very  large  measure  to  the  particular  demands  of  the 
European  Continental  Shelf  oil  and  gas  platform  production 
programme  which  almost  of  necessity  makes  extensive  use  of 
HSLA  steels 

Perhaps  the  most  graphic  way  of  illustrating  the  much 
improved  metallurgy  and  properties  of  modern  HSLA  steels  and 
their  user  friendliness  in  terms  of  ease  of  fabrication, 
particularly  welding,  is  seen  in  the  contrast  between  the 
material  used  about  50  years  ago  for  the  Sydney  Harbour 
Bridge  relative  to  those  used  for  structural  purposes  in  the 
offshore  environment  today  The  comparison  is  shown  in  the 
table  below 

Table  II 


■Mechanical 
Composition  Properties 


Steel 

Yield 

Tensile 

Apolication 

Sydney 

C% 

Si% 

Mn% 

Stress 

N7mm7 

Strength 

N/mm2 

Harbour 
cl  932 

0  32/0  42 

0  15/0  25 

0  60/1  00 

323 

(min) 

551/659 

Typical 

Offshore 
Structure 
cl  987 

0  11 

0  35 

1  50 

325 

(min) 

490 

METALLURGY  AND  STEEL  PRODUCTION 

1.  METALLURGY  -  As  mentioned  earlier  the  metallurgy  of 
HSLA  steels  is  extremely  well  documented,  particularly 
through  the  microalloy  series  of  conferences,  the  latest  of  which 
we  have  started  today  For  the  purposes  of  this  presentation, 
therefore,  it  is  sufficient  simply  to  say  that  the  essential 
characteristics  of  the  HSLA  steels  that  we  are  concerned  with 
are  fine  grain  size  for  good  yield  strength  and  fracture 
toughness,  low  carbon  and  indeed  carbon  equivalent  value, 
again  for  good  toughness  and  for  weldability.  The  most  notable 
mitrealloying  elements  used  today  are  niobium  and  vanadium 
with  an  increasing  contribution  from  titanium,  while  the 
important  role  of  aluminium  and  nitrogen  as  perhaps  the 
original  mircoalloying  elements,  should  not  be  neglected. 

The  eflects  of  these  microalloying  elements  have  been 
exploited  to  the  full  by  the  intelligent  application  of 
metallurgical  principles  to  the  finishing  operations  used  for  the 
various  product  forms  with  which  we  are  concerned  Among 
these,  normalising  and  quenching  and  tempering  were  the  first 
to  be  used  and  indeed  are  still  indispensable  for  many  products 
today.  Controlled  rolling,  particularly  of  plates  but  more 
recently  of  shapes,  has  clearly  been  the  most  notable 
development  in  rolling  technology  and  has  just  about  reached 
its  30lh  birthday  in  terms  of  practical  application. 

A  further  extension  of  the  recent  application  of 
metallurgical  principles  to  finishing  operations  has  been  the  use 
of  accelerated  cooling  immediately  after  the  rolling  process  in  a 
variety  of  product  forms  starting  with  bars  and  plates,  but 
moving  on  more  recently  to  rails  and  shapes. 

The  metallurgy  of  each  of  these  process  routes  has  already 
been  rather  well  established  in  the  literature  and  much  more 
information  is  available  at  this  conference.  Further  comment 
here  would  therefore  be  superfluous 

2  STEEL  PRODUCTION  ASPECTS  The  first  point  that 
needs  to  be  recognised  is  that  the  simpler  types  of  HSLA  .steel 
can  be  made  in  almost  any  production  plant  Special 
requirements  for  steelmaking  or  rolling  and  heat  treatment 
only  arise  for  the  most  sophisticated  HSLA  steels  such  as  high 
grade  linepipe  or  offshore  structural  steels 

It  is  becoming  evident,  however,  that  the  cost  of  achieving 
high  accuracy  of  production,  low  impurity  levels  and 
consistency  of  properties  may  be  offset  by  very  substantial 
through  cost  savings  because  the  cost  of  their  achievement  is 
often  much  less  than  the  savings  obtained  in  subsequent 
fabrication  or  service  conditions.  There  is,  therefore,  a  strong 
trend  towards  the  use  of  more  .sophisticated  steel  manufacturing 
techniques  as  discu.ssed  further  below. 

3.  STEELMAKING 

Optimum  property  levels  in  HSLA  steels  depend  on 
Control  of  significant  alloying  elements  (eg  C,Mn,  Nb,  V, 
All 

Reducing  the  content  of  impurities  (e  g  S,  P,  N-^)  to 
justifiable  levels 

Reducing  the  content  of  non  metallicinclusions  (sulphides 
and  oxides) 

Ensuring  uniformity  of  composition  and  properties 
throughout  a  cast  which  can  be  as  large  as  300  tonnes 
The  techniques  used  to  achieve  these  objectives  are 
described  in  the  report,  but  the  essence  of  the  steelmaking 
requirements  is  to  adopt  practices  which  will  achieve  very- 
accurate  control  of  the  state  of  oxidation  of  steel  and  thereafter, 
to  take  specific  steps  for  the  limitation  of  impurity  elements 
using  various  steelmaking  techn  ques  and  ladle  treatment 
processes  as  required 
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Fig  2  illustrates  the  range  of  steelmaking  and  casting 
possibilities  that  are  presently  used,  while  Table  111  below  gives 
some  indication  of  the  kind  of  composition  changes  that  might 
be  required  in  moving  from  mild  steel  through  normal  to  very 
high  duty  IISLA  steels 

Table  III  Typical  Compositions 
(a)  Composition  (%} 

Steel 

Application  £  Si  S  P  Mr!  ^  Ai  -^2 

Normal 

Structural 

Use  0  16  0  30  0  015  0  02  1  40  003  003  00'? 

Special 
Structural 
Steel  (e  g. 
for  OfTshore 

Construe  0  10  0  30  0  003  0  010  1  50  0  02  003  0.006 

lions  I  (Plus  additions  of  Ni  and  Cu) 


(b)  Mechanical  Properties 


Steel 

Yield 

Tensile 

Charov  V'ee 

Apolication 

Stress 

Strength 

.Notch  Toughness 

Normal 

Structural  Use 

345 

490 

27  J  at  -OX 

Special  Structural 
Steel le  g  for 
Offshore 

Constructions)  345  460  27  J  at  6()°C 

An  essential  point  that  has  to  be  remembered  is  that  for 
supply  to  a  given  customer  order,  the  level  of  tensile  properties 
achieved  is  governed  by  the  minimum  composition  of  steel 
supplied,  while  on  the  other  hand  the  customer  must  set  his 
weldability  precautions,  notably  preheat  levels,  on  the  basis  of 
the  maximum  composition  supplied  within  the  consignment 
These  points  are  illustrated  in  the  schematic  illustration  in  Fig 
3  which  clearly  shows  that  the  closer  the  composition  control 
achieved,  the  greater  the  optimisation  between  tensile  strength 
properties  and  weldability 

The  problem  of  lamellar  tearing  in  the  region  of  welds  has 
made  it  necessary  for  the  sulphur  and  other  non  metallic 
inclusion  content  of  steel  to  be  dramatically  reduced  for  many 
IISI.A  steels 

There  has,  therefore,  been  a  consiueraba  demand  within 
the  production  of  IISI-A  steels  to  seek  highly  sophisticated 
production  methods  not  just  to  meet  the  requirements  of  steels 
for  particularly  severe  service  requirements,  but  al.so  to  produce 
steels  that  will  reduce  the  cost  of  welding 

LlNFl’lI’FSTKKbS 

Probably  the  most  prominent  and  successful  exploitation 
of  IISI.A  steels  is  that  concerned  with  the  distribution  lines  for 
oil  and  gas  An  historical  summary  is  shown  in  Table  IV  below 


Table  IV  -  Development  of  Gas  Transport  Via 

Pipeline 

Onerating 

Annual 

Fuel  Gas 

Pressure 

Dia. 

Transportation 

Used  For 

Year 

bar 

mm 

Capacity 

Mm3 

Pumping 
(G.OOO  km) 

1910 

2 

400 

80 

48  8 

1930 

20 

500 

648 

313 

1965 

66 

900 

8,320 

14  1 

1980 

80 

1,420 

26,000 

10.6 

About 

1990 

120 

1,620 

52,000 

8  2 

This  table  is  a  particularly  graphic  illustration  of  what 
has  been  achieved  over  the  past  70  to  80  years  for  gas  pipelines 
The  adoption  of  FISLA  steels  associated  with  greater  pipe 
diameters  and  operating  pressures,  has  meant  that  the  yield  of 
piped  gas  (input  less  the  proportion  burnt  as  fuel  to  power  gas 
pumping  stations)  has  moved  from  51.2%  to  91.8%,  together 
with  a  vast  increase  in  gas  transportation  capacity  for  each 
pipeline. 

While  increased  tensile  strength  has  been  the  dominant 
feature  of  linepipe  steels,  other  property  aspects  have  been  no 
less  critical  to  successful  fabrication  and  operation  of  oil  and 
gas  linepipe  and  these  are  weldability,  fracture  toughness  and 
resistance  to  sour  gas  attack.  These  are  referred  to  in  some 
detail  in  the  text  of  the  report,  but  some  summary  comments 
will  be  appropriate  here. 

1.  WEl.DABIMTY  -  There  are  two  main  welding  operations  to 
be  considered  The  first  during  manufacture  of  the  pipe,  for 
example  the  longitudinal  seam  which  is  made  using  the 
submerged  arc  process  and  the  girth  weld  carried  out  on  site  or 
on  the  lay  barge  for  sub-sea  lines. 

The  longitudinal  seam  is  carried  out  at  relatively  high 
heat  input  such  that  HAZ  cold  cracking  should  not  be  a  problem 
Because  pipe  toughness  is  important  however  it  is  essential  that 
both  the  weld  lIAZ  and  the  weld  metal  itself  have  adequate 
toughness  HAZ  toughness  has  generally  been  adequate  even 
for  increasingly  severe  service  requirements  now  down  to  -SO^C 
because  HSI.A  steel  development  has  moved  to  progressively 
lower  carbon  levels  and  the  welding  process  itself  has  (mainly 
for  productivity  reasons)  moved  from  single  to  two,  to  three  and 
even  five  wire  submerged  arc  systems  with  attendant 
reductions  in  effective  heal  input 

Probably  the  main  welding  problem  has  been  the  girth 
weld  which  needs  to  be  deposited  at  high  speed  and  is  a  low  heat 
input  operation  These  are  circumstances  where  maximum 
advantage  can  be  taken  of  the  lowest  available  carbon 
equivalent  steels  which  have  been  developed  using  advanced 
thermomechanical  rolling  or  accelerated  cooling  F’ig  4 
illustrates  this  point 

2  FRACTURE  TOUGHNESS  -  It  is  clearly  of  the  greatest 
importance  that  catastrophic  failure  of  linepipe  be  avoided 
because  of  the  ma'or  cost  and  environmental  considerations 
involved 

Possible  failure  mechanisms  are  either  of  the  brittle  or 
ductile  variety  and  both  have  to  be  legislated  for  in  the  design  of 
the  steel  and  weld  metal. 

Avoidance  of  brittle  fracture  is  dealt  with  by  the 
conventional  approaches  of  reduced  carbon  content  and  fine 
grain  si^e  achieved  in  modern  steels  by  microalloying  with  Nb, 
V  or  Ti  and  thermomechanically  rolling  or  accelerated  cooling 
Essentially  design  has  to  be  on  the  basis  of  avoidance  of 
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crack  initiation  because  although  a  leak  before  break  situation 
may  have  some  validity  for  oil  pipelines,  the  explosive 
decompression  of  gas  makes  the  risk  of  brittle  fracture  severe 
over  a  potentially  long  length  of  linepipe.  There  is  incomplete 
agreement  yet  about  the  most  important  test  critical  for 
linepipe  steels  to  avoid  brittle  crack  propagation  under  any 
particular  set  of  design  pressure,  diameter  and  operating 
temperature  conditions  and  Charpy,  drop  weight  and  COD  tests 
are  used.  The  position  may  be  clarified  by  the  results  of  full- 
scale  burst  tests  being  carried  out  in  various  parts  of  the  world. 

An  important  consideration  in  the  resistance  to  brittle 
fracture  is  the  fracture  toughness  of  the  weld  metal  itself.  Since 
in  a  normal  longitudinal  seam  weld  in  pipe,  dilution  from  the 
parent  plate  may  provide  as  much  as  60%  of  the  weld  volume,  it 
will  be  obvious  that  the  composition  of  the  parent  steel  is  an 
essential  contributing  factor.  Research  over  recent  years,  for 
example,  has  clearly  demonstrated  the  important  deleterious 
effects  of  higher  carbon,  manganese  and  nitrogen  contents  in 
weld  metal.  Fortunately  modern  steels  tend  to  reduce  these 
elements  to  comparatively  low  levels.  Even  so,  it  has  been 
necessary  to  carry  out  detailed  metallurgical  analyses  of  the 
factors  that  affect  weld  metal  toughness  and  from  these  weld 
consumables  have  evolved  that  are  capable,  in  conjunction  with 
modern  low  carbon  steels,  of  giving  weld  metal  toughness  down 
to  operating  temperatures  of  -30X  or  lower 

The  risk  of  propagating  a  ductile  crack  through  a  gas 
linepipe  is  also  well  recognised  and  although  full-scale  burst 
tests  are  still  being  evaluated  to  improve  predictive  capability  of 
steel  proving  tests,  the  main  factor  identified  todate  has  been 
the  need  to  reduce  sulphur  content  to  levels  below  0  005%. 
There  is  some  evidence  to  suggest  that  very  low  sulphur 
contents  in  themselves  may  not  be  sufficient  to  eliminate  the 
risk  of  a  running  ductile  crack  particularly  in  steels  with 
strength  levels  above  about  X65  and  more  information  on  this 
aspect  is  essential  to  point  the  way  forward  for  new  steel 
developments 

3.  RESISTANCE  TO  H2S  ENVIRONMENTS  (SOUR  GAS)  - 
One  of  the  most  difficult  service  problems  for  steel  producers  to 
deal  with  has  been  that  caused  by  the  increasing  incidence  of 
transporting  so  called  sour  oil  or  gas  in  linepipe. 

The  sour  environment  arises  from  a  content  of  moisture  in 
the  oil  or  gas  (arising  either  naturally  or  as  a  consequence  of 
water  drives  to  extract  oil)  and  the  subsequent  combination 
with  H2S  to  react  corrossively  with  the  steel  to  generate  atomic 
hydrogen.  The  hydrogen  then  difuses  into  the  steel  until  it 
reaches  voids,  generally  non-metallic  inclusions,  where  it  is 
trapped.  Given  sufficient  hydrogen,  pressure  can  build  up  to 
the  extent  of  causing  cracking  along  the  line  of  inclusions  that 
are  parallel  to  the  plate  surface.  If  such  cracks  link  up  in  a  step 
wise  fashion  then  pipe  failure  through  the  thickness  becomes 
inevitable,  leading  to  the  possibility  of  a  running  fracture 
particularly  in  a  gas  line. 

Fig.  5  indicates  the  main  elements  of  the  problem.  One 
solution  is  clearly  to  fully  dry  the  oil  or  gas  before  transmission 
through  the  main  transportation  pipelines.  For  offshore 
developments  this  is  extremely  expensive  because  the 
purification  plant  has  to  be  installed  at  the  well  head  on  vastly 
expensive  production  platforms  There  is,  therefore,  a  very  clear 
pressure  from  oil  companies  on  steel  producers  to  provide  steels 
that  are  resistant  to  this  form  of  attack 

It  has  now  been  established  by  extensive  testing  that 
resistance  to  sour  oil  attack  can  be  confined  by  reducing  sulphur 
content  to  extremely  low  levels  in  the  region  of  0.002%, 
ensuring  that  residual  sulphide  inclusions  are  of  modified  round 
rather  than  elongated  shape  by  calcium  treatment.  Virtual 


elimination  of  all  other  non-metallic  inclusions,  particularly 
oxides,  and  reduction  or  elimination  of  segregation  by  a 
combination  of  modified  casting  practices  and  reduction  in  the 
content  of  the  main  segregating  elements,  carbon  and 
manganese  is  also  important. 

The  very  lean  compositions  required  to  operate  successfully 
in  sour  environments  are  now  becoming  available,  but  only  by 
virtue  of  the  most  rigorous  steelmaking  and  casting  operations 
and  the  use  of  advanced  thermomechanical  treatment  of  plates 
particularly  by  the  accelerated  cooling  method. 

More  detailed  information  on  steel  production  and 
property  aspects  is  given  in  the  report  but  in  closing  this  section 
it  is  worth  picking  out  one  particular  point  and  that  is  that  at 
present  and  for  the  foreseeable  future,  there  is  no  viable 
alternative  to  steel  for  constructing  linepipe  The  drive  for 
improved  steels  has,  therefore,  come  not  from  the  threat  of 
competing  materials  but  from  a  need  to  reduce  the  operating 
costs  of  steel  users  through  more  efficient  transmission  systems. 

SHIPBUILDING  AND  OFFSHORE  STEELS 

Despite  the  almost  complete  failure  of  various  reputable 
bodies  to  forecast  world  shipbuilding  requirements  (Fig  6), 
there  remains  a  very  substantial  market  for  steel  as  the 
dominant  construction  material  other  than  for  small  and 
specialised  vessels  The  greatest  proportion  of  new  tonnage  is 
provided  by  Japanese  and  Korean  shipyards  and  it  is  in  these 
areas  therefore  that  most  modern  developments  in  design, 
fabrication  and  material  technology  might  be  expected 
Reference  to  Table  1  in  fact  confirms  a  much  greater  use  of 
HSLA  steels  in  Japan  than  in  Europe  or  North  America. 

HSLA  steels  were  used  for  ship  hull  construction  in  the 
1960’s  but  were  slightly  inhibited  by  the  need  for  welding 
preheat  because  of  the  relatively  high  carbon  equivalent  levels 
of  about  0.45  that  were  common  in  the  normalised  steels  of  that 
time.  Shipyards  were  not  then  easily  able  to  apply  preheat  at 
all,  nor  even  to  use  low  hydrogen  welding  electrodes. 

Steels  for  shipbuilding  have  however  now  been  designed  to 
reduce  the  need  for  weld  preheat  in  the  most  common  hull  plate 
thicknesses  and  the  most  recent  accelerated  cooled  steels 
reputedly  eliminate  the  need  entirely.  This  point  is  illustrated 
in  Table  V  which  demonstrates  the  reduction  in  composition 
that  has  been  made  possible  in  modern  steels. 

Table  V  -  Examples  of  Ship  Plate  Produced  by  a 
Range  of  Procedures 
(a)  Composition 

Grade  Process  C  Si  Mn  P  S  ^  ^  C^q 

EH32  AC  0  10  0.33  1.44  0.016  0.004  0.035  0  34 

N  0.13  0.40  1.35  0.015  0.005  0.030  0.035  0  40 

DH36  CR  0  15  0.36  1  36  0  018  0  014  0  029  0  033  0.39 

N  0.14  0.39  1  36  0.020  0.018  0.030  0.029  0  38 


(b)  Mechanical  Properties 


Gauge 

Yield 

UTS 

Charov 

Grade 

Process 

mm 

Strength 

MPa 

J 

Temo. 

MPa 

!£ 

EH32 

AC 

25-35 

372 

529 

220 

-40 

N 

20-30 

355 

485 

160 

-40 

DH36 

CR 

15-30 

411 

546 

86 

-20 

N 

15-30 

389 

517 

152 

20 
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There  is,  of  course,  a  limit  to  the  strength  of  steel 
acceptable  for  ship  hull  structures  and  ship  classification 
societies.  Generally  the  benefits  of  higher  yield  strength  in 
terms  of  hull  plate  thickness  reduce  substantially  above  a  yield 
strength  of  about  350  N/mm2 

This  apparently  conservative  approach  is  based  on  concern 
about  the  fatigue  behaviour  of  higher  strength  steels  and 
potential  problems  with  hull  rigidity  because  the  elastic 
modulus  of  HSLA  steels  is  the  same  as  for  mild  steel  so  that 
reduced  overall  scantling  thickness  would  give  lower  elastic 
rigidity.  Additionally,  of  course,  the  corrosion  characteristics 
of  HSLA  steels  are  broadly  similar  to  mild  steel  so  that  the 
design  corrosion  allowance  should  remain  constant  in  terms  of 
plate  thickness  and  will,  therefore,  reduce  the  benefit  of  HSLA 
steels. 

Even  so,  the  benefits  of  HSLA  steels  for  ship  hull 
structures  is  significant,  as  illustrated  in  Fig  7,  and  Japanese 
shipbuilders  are  now  making  economic  use  of  easily  welded 
HSLA  steels  made  by  the  accelerated  cooling  route  with  yield 
strength  levels  up  to  400  N/mm^. 

A  further  advantage  of  some  modern  HSLA  shipbuilding 
steels  which  make  use  of  Ti  additions  to  maintain  fine  weld 
HAZ  grain  size  and  very  low  carbon  content  for  the  same  reason, 
is  that  very  high  heat  input  and,  therefore,  high  productivity 
welding  can  be  used  Such  steels  permit  the  use  of  single  pass 
welding  for  20  mm  plate 

OFFSHORE  STRUCTURAL  STEELS 

The  developments  in  steel  that  have  been  necessitated  by 
the  difficult  fabrication  and  service  behaviour  requirements 
posed  by  the  very  large  oil  and  gas  production  platforms  used  in 
the  North  Sea  have  led  to  advances  in  steel  production  just  as 
dramatic  as  those  required  for  linepipe 

The  essential  characteristics  of  steels  for  offshore 
constructional  purposes  can  be  summarised  as: 

•  Yield  strength  in  the  region  of  350  N7mm7 

•  Good  welding  characteristics 

(a)  High  resistance  to  lamellar  tearing 

(b)  Low  composition  to  minimise  preheat 

(c)  High  toughness  in  the  weld  HAZ 

•  Good  fracture  toughness  at  the  designated  operating 

temperature 

•  Well  documented  fatigue  properties 

Table  VI  shows  typical  compositions  for  normalised  steels 
presently  in  extensive  use  for  this  type  of  construction  together 
with  the  composition  of  accelerated  cooled  type  of  steel  that  is  of 
particular  current  interest  although  not  heavily  used  todate 

Table  VI  -  Examples  of  Structural  Steel  Produced  by 
a  Range  of  Procedures 
(a)  Composition 

Grade  Process  C  Si  Mn  P  S  ^  ^  Cgq 

50D  AC  0.08  0.34  1  49  0.011  0.002  0.015  0.025  0.35 

N  0.11  0.39  I  55  0.014  0.002  0.030  0.025  0  39 

50E  N  0.12  0.45  1  53  0.014  0.002  0.026  0.034  0.40 

(b)  Mechanical  Properties 

Yield 


Grade 

Process 

Gauge 

mm 

Strength 

MPa 

UTS 

MPa 

J 

Charpv 
Temn.  "C 

50D 

AC 

<75 

434 

517 

331 

10 

N 

<75 

376 

517 

328 

-10 

.50E 

N 

40-63 

384 

513 

277 

40 

The  particular  points  to  note  relative  to  conventional 
structural  steels  are  the  substantially  lower  carbon  levels  which 
are  necessary  for  weldability  and  toughness  reasons  and  the 
very  low  sulphur  contents  now  typical  of  lamellar  tear  resistant 
steels. 

Weld  heat  affected  zone  toughness  is  an  essential 
requirement  in  these  steels  and  is  commonly  tested  for  using  the 
fracture  toughness  crack  tip  opening  displacement  (CTOD)  test 
developed  by  the  Welding  Institute.  A  difficulty  that  has  arisen 
in  this  context  however  is  that  despite  the  lack  of  structural 
failures  in  offshore  structures,  a  worst  case  approach  to  CT  ,D 
testing  has  tended  to  be  adopted.  In  effect  it  is  required  by  some 
relevant  specifications  that  the  CTOD  crack  tip  must  be  located 
in  the  most  brittle  region  of  the  HAZ  regardless  of  how  small 
that  region  might  be  or  whether  it  is  near  the  surface  or 
relatively  safely  buried  near  the  plate  mid-thickness  It  will  be 
a  matter  of  some  interest  to  see  whether  this  particular  problem 
is  solved  by  the  steel  development  efforts  of  producers  and  there 
is  much  activity  in  this  area  or  whether  a  more  pragmatic  view 
can  be  taken  of  the  risk  involved  which  may  well  be  statistically 
insignificant.  On  present  evidence,  the  steel  solution  is  likely  to 
come  first 

Finally,  the  operating  conditions  of  those  structures  is 
such  that  a  very  full  appreciation  of  their  fatigue  behaviour  is 
essential  to  safe  design  Certainly  in  Europe,  the  expenditure 
on  testing  to  accumulate  the  required  data  has  amounted  to 
some  millions  of  pounds  and  has,  together  with  the  weldability 
and  fracture  data  accumulated,  made  these  steels  probably  the 
best  documented  of  any  steel  type  made  todate. 

For  the  future,  increasing  water  depths  and  general 
elTiciency  of  operation  particularly  in  relation  to  reducing  the 
weight  of  deck  structures,  clearly  indicates  that  further 
developments  will  inevitably  require  HSLA  steels  of  still  higher 
strength  and  much  work  on  these  steels  is  already  underway 
Such  developments  will  be  essential  to  maintain  the  pre¬ 
eminent  role  of  steel  as  the  constructional  material. 

PRESSURE  VESSEL  AND  STRUCTURAL  STEELS 

This  category  includes  plates,  rolled  sections  and  bars  for 
structural  and  pressure  vessel  application.  HSLA  bars  for 
reinforcement  were  in  fact  one  of  the  earliest  uses  of  HSLA 
steels  in  general  and  of  accelerated  cooling  (from  the  rolling 
temperature)  concept  in  particular 

Some  typical  examples  of  applications  for  HSLA  steels  are: 
Bridges 
Buildings 
Electricity  pylons 
Penstocks 
Steel  piling 
Railway  tracks 
Trucks 
Trailers 

Earthmoving  equipment 
Mining  equipment 
Tanks 

Reinforcement  bars 

The  types  of  steel  used  include  the  microalloyed  grades 
using  Nb  V  and  Ti  as  well  as  steels  intended  for  higher 
temperature  service  where  Cr  and  Mo  additions  are  common 

Process  routes  include  controlled  rolling,  normalising 
quenching  and  tempering  as  well  as  the  direct  accelerated 
cooling  from  the  rolling  temperature  already  in  use  for  bars, 
plates  and  rails  and  under  investigation  for  rolled  shapes 

A  particular  problem  that  arises  in  many  applications 
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is  that  some  of  the  more  recent  thermomechanical  processing 
techniques  used  for  plates  in  particular  are  not  suitable  where 
hot  forming  will  be  used  during  fabrication.  The  kind  of 
property  deterioration  so  obtained  is  illustrated  in  Fig.  8  for  a 
thermomechanically  treated  steel.  Similar  effects  can  be 
predicted  for  AC  steels.  This  problem  has  been  neatly 
circumvented  by  the  use  of  a  modified  thermomechanical  rolling 
system  referred  to  as  "normalising  rolling".  In  this  process  the 
rolling  finishing  temperature  is  designed  to  coincide  with  the 
hot  forming  temperature  (900-930°C).  Subsequent  hot  forming 
therefore  simply  repeats  this  operation  and  deterioration  in 
properties  is  then  small  or  even  absent. 

In  the  report  specific  examples  are  given  of  the  cost 
benefits  that  can  be  derived  in  this  area  by  the  use  of  HSLA 
steels.  These  refer  to  penstock,  bridges  and  the  steel  frames  for 
buildings. 

This  last  application  (steel  frames  for  buildings)  is 
particularly  interesting  because  there  are  clear  opportunities 
for  steel  to  compete  strongly  with  other  building  construction 
materials  particularly  in  situ,  or  reinforced  concrete.  A  number 
of  e.xamples  of  benefits  are  given  including  increased  load 
bearing  capacity  for  columns,  reduced  weight  light  industrial 
buildings  and  a  multi  storey  car  park  where  weight  savings  of 
30/40%  and  space  gains  of  1 1  -30%  are  claimed  for  HSLA  steels. 

Illustrating  the  point  that  composite  construction 
techniques  may  be  very  advantageous  for  steel  is  the  concept  of 
using  HSLA  rolled  sections  and  reinforcement  bar  bonded 
together  with  concrete.  Such  composites  (Fig  9)  have  the 
advantages  of  great  s'^r^ngth  in  compression,  h'gh  building 
strength  and  very  good  properties  when  exposed  to  fire. 

COLD  FORMING  AND  COATED  STRIP  STEELS 

Something  like  40%  of  the  world  steel  production  is  in  the 
form  of  strip  steel  in  its  various  forms  •  hot  or  cold  rolled  sheets 
and  coil,  galvanised,  tin  plate,  black  plate  and  coaled  sheets. 
This  is,  therefore,  a  key  area  of  use  for  steel  and  is  the  subject  of 
a  separate  chapter  in  the  report  which  particularly  considers 
the  use  of  those  steels  in  automative  and  building  applications 

The  main  reason  for  using  HSLA  steels  in  this  product 
area  is,  of  course,  the  potential  for  making  cold  formed  products 
using  a  thinner  gauge  than  would  normally  be  necessary, 
leading  to  weight  savings  that  can  be  very  significant  in  many 
areas  and  particularly  in  automobiles. 

The  ability  of  the  material  to  cold  form  satisfactorily  is  an 
essential  attribute  for  nearly  all  potential  applications  and 
conditions  the  routes  taken  in  steel  development  This 
requirement  is  substantially  different  from  those  in  heavier 
product  forms  where  weldability  and  fracture  toughness,  for 
example,  have  usually  been  dominant  Strip  steels  are  welded 
for  very  many  applications,  but  the  problems  that  then  ari.se  are 
more  often  dealt  with  by  welding  process  or  surface  treatment 
considerations  rather  than  as  a  fundamental  characteristic  of 
the  steels  themselves 

The  metallurgical  development  of  HSLA  steels  in  the  cold 
forming  strip  area  does  however  overlap  with  other  products  so 
far  discussed  in  their  use  of  microalloying  elements,  but  those 
steels  have  also  adopted  somewhat  additional  metallurgical 
and  process  routes  which  are  interesting. 


Table  VII  -  Cold  Forming  Strip  Steels 


Steel 

Range  of  min. 

Chemical  Comoosition 

Tvoe  Processing  Strength 

YS 

TS 

Alloving 

MPa 

MPa 

Carbon 

Elements 

% 

% 

Precipi-  Hot 
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Table  VII  briefly  summarises  the  various  types  of  HSLA 
steel  that  are  considered  in  the  report,  while  Table  VIII  gives  an 
indication  of  their  relative  formability.  These  steels,  therefore, 
make  use  of  a  wider  range  of  strengthening  mechanisms  than 
other  product  forms  and  each  has  its  own  particular  merits. 

Table  VIII  -  Forming  Properties  of  Various  Steel  Types 
Primary 


Strenrrtheninff 

Stretch- 

Draw 

Strength 

Mechanism 

abilitv 

abilitv 

Range 

Cold  worked 

Very  poor 

Poor 

Large 

Recovery  annealed 

Poor 

Poor 

Large 

Transformation 

Moderate 

Moderate 

Large 

strengthened 

HSLA  precipitation 

Moderate 

Moderate 

Fairly  large 

grain  refined 

Solid  solution  A1  killed 

Good 

Good 

Limited 

Bake  hardenable 

Good 

Good 

Limited 

Dual  phase 

Good 

Moderate 

Large 

Since  cold  forming  strio  steels  have  a  yield  strength 
substantially  lower  than  heavier  product  steels,  the  definition 
adentod  for  HSLA  steels  is  of  steels  above  a  yield  stress  of  220 
y  The  micro-alloyed  grades  using  Nb  V  Ti  derive  their 

higher  yield  stress  from  a  combination  of  grain  refinement  and 
precipitation  strengthening  Such  steels  are  normally  produced 
in  the  hot  rolled  or  cold  rolled  and  annealed  condition  Because 
they  have  limited  forming  ability,  they  are  mostly  used  for 
structures  and  reinforcement  parts  of  automobiles  as  well  as 
buildings  and  various  items  of  domestic  equipment.  Their 
composition  will  generally  be  within  the  range 


c% 

Mn% 

S% 

P% 

Al% 

Nb% 

0.03/0,15 

0  50/1  5 

0.015  Max 

0  02  Max. 

0  05 

0  03 

with  substitution  of  Nb  by  V  or  Ti  in  many  cases. 

Solid  solution  strengthened  HSLA  steels  can  be  of 
considerable  interest  because  for  a  given  strength  level, 
formability  may  be  better  than  precipitation  strengthened 
steels.  The  most  common  alloying  elements  used  are 
manganese,  silicon  with  recent  interest  in  phosphorus  up  to 
about  0.10%  above  which  it  tends  to  give  problems  with  electric 
resistance  welding.  Such  steels  can  be  used  for  automobile  body 
panels. 

Interesting  HSLA  steels  used  in  cold  forming  strip  are  the 
bake  hardened  steels,  so  called  because  they  strengthen 
significantly  during  the  paint  baking  operation  which  takes 
place  at  about  ITO^C  These  steels  have  simply  harnessed  the 
well-known  quench  ageing  mechanisms  whereby  carbon  is 
quenched  into  solution  at  the  cooling  rates  obtained  after  batch 
or  particularly  continuous  annealing  and  precipitated  during 
the  bake  hardening  operation. 

Transformation  strengthened  steels  include  the  well- 
known  dual  phase  alloys  where  the  second  phase  can  be 
martensite  bainite  or  even  pearlite  depending  on  strength 
requirement.  These  steels  can  have  very  good  formability  and 
weldability  and  they  have  found  extensive  application  in  their 
rolled  form 

For  the  highest  strengths  up  to  1600  N/mm2  yield 
strength,  alloying  to  ensure  transformation  to  martensite  can 
be  employed  for  components  like  door  impact  beams  or  rear 
bumper  supports.  Obviously  such  steels  have  quite  limited 


formability. 

As  mentioned  earlier,  HSLA  steels  have  corrosion 
properties  that  are  not  significantly  improved  over  normal 
grades.  Fortunately  there  is  now  a  very  great  availability  of 
strip  coatings  nearly  all  of  which  are  designed  to  inhibit 
corrosion  and/or  to  provide  a  decorative  appearance  to  the  steel 
where  it  will  be  used  for  exterior  parts  of  automobiles  or 
buildings.  These  include  zinc  galvanised  or  aluminised  coatings 
specifically  for  corrosion  protection  and  applied  by  the  hot  dip  or 
continuous  processes.  To  these  can  be  added  the  very  wide 
range  of  coloured  organic  coatings. 

Considerable  effort  has  to  be  expended  on  the  evaluation  of 
performance  aspects  including  fabrication,  direct  resistance, 
fatigue  behaviour  and  so  on.  These  aspects  are  too  detailed  to  be 
discus.sed  here  but  are  well  documented  in  the  renort. 

ECONOMIC  ASSESSMENT 

HSLA  steels  will  only  be  used  in  applications  where  there 
is  a  clear  cost  advantage  to  the  steel  purchaser.  There  has 
however  been  an  widespread  tendency  for  HSLA  steels  to  be 
assessed  on  the  basis  of  their  initial  cost  resulting  frequently  in 
the  comment  that  they  are  too  expensive. 

The  report  makes  the  point  that  the  benefits  of  HSLA 
steels  only  become  apparent  if  full  account  is  taken  of  all  the 
advantages  that  accrue  from  design,  fabrication  and  operational 
features  of  these  steels  (Fig  10) 

Numerous  examples  of  such  advantages  are  given  in  the 
report  and  a  few  of  these  are  quoted  here. 

Fig  1 1  was  based  on  a  particular  set  of  cost  figures  but  will 
be  broadly  true  whichever  specifications  and  costs  are  used  The 
interesting  point  is  that  taking  due  account  of  the  kind  of  design 
code  limitations  that  will  be  encountered,  the  main  area  where 
savings  will  occur  for  structural  steel  is  in  the  medium  (350 
.N7mm2)  yield  strength  region,  i.e.  precisely  the  area  that  has 
been  so  targeted  by  the  microalloyed  and  thermomechanically 
processed  steels.  Above  this  strength  range  increasing  alloy 
content  tends  to  raise  both  initial  and  fabrication,  particularly 
welding  costs  It  is,  of  course,  quite  likely  that  the  low  cost 
region  will  be  pushed  to  higher  strength  yet  through  the  use  of 
the  most  modern  thermomechanical  rolling  and  cooling 
systems 

Fig  12  carries  this  comparison  through  to  the  case  for 
bridge  construction  where  it  is  apparent  that  the  case  for  HSLA 
steels  can  only  be  made  then  if  full  account  is  taken  of 
fabrication  and  construction  costs. 

Finally,  in  Fig.  13  there  is  a  fairly  graphic  illustration  of 
the  operating  costs  that  can  be  achieved  through  the  use  of 
HSLA  steels  in  large  tanker  ships. 

SUMMARY  AND  CONCLUSIONS 

HSLA  steels  have  been  available  to  steel  users  for  many 
years  and  except  for  particular  areas,  notably  linepipe,  have 
been  less  exploited  than  their  obvious  merit  would  suggest. 

This  situatirn  is  likely  to  change  as  steel  users  become 
more  aware  of  the  through  cost  advantages  of  modern  HSLA 
steels  although  this  will  only  happen  through  the  advocacy  of 
technical  staff  who  can  carry  out  the  necessary  technical 
assessment. 

Steel  producers  have  developed  their  steelmaking  control 
to  a  degree  where  steel  purity  and  accuracy  of  manufacture 
have  been  dramatically  improved  over  the  past  ten  years. 
These  improvements  linked  to  the  metallurgical  HSLA 
developments  should  help  maintain  steel  in  the  forefront  of 
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engineering  materials. 

Much  has  been  written  about  the  metallurgy  and 
development  of  HSLA  steels.  It  is  questionable  how  much  of 
this  information  reaches  or  is  comprehended  by  steel  users, 
admirable  though  it  may  be  from  the  scientific  standpoint.  It 
is  suggested  however  that  we  should  turn  much  more  of  our 
attention  to  direct  and  convincing  advocacy  of  HSLA  steels  to 
customers  rather  than  those  already  converted  -  that  is 
ourselves. 
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Fiq.  6  -  A  COMPARISON  OF  FORECASTS  OF  WORLD 
SHIPBUILDING  REQUIREMENTS  1978  TO  1984 


Fig.  7  -  ADVANTAGES  OF  HSLA  STEELS  IN  SHIPBUILDING 
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JUSTIFICATION  FOR  THE  USE  OF  HSLA  STEELS 
IN  VARIOUS  APPLICATIONS 


S.  S.  Hansen 

Bethlehem  Steel  Corporation 
Bethlehem,  Pennsylvania.  USA 


ABSTRACT 

The  benefits  of  HSLA  steels  to  potential  users 
in  terms  of  more  efficient  designs,  reduced 
production  or  fabrication  costs  and/or  improved 
performance  are  reviewed.  In  addition  to 
increased  strength,  otlier  important  engineering 
properties  of  HSLA  steels  are  also  considered. 
It  is  suggested  that,  because  of  the  economic 
benefits  possible  through  the  use  of  HSLA 
steels,  users  carefully  assess  the  cost/ 
performance  trade-offs  on  a  case-by-case  basis, 
emphasizing  the  design  criteria  that  control 
the  service  performance  of  a  component. 


ALTHOUGH  additions  of  the  so-called  microalloy¬ 
ing  elements  (V,  Nb  and  Ti)  have  been  made  to 
steels  on  an  experimental  basis  for  over  sixty 
years,  significant  usage  of  "microalloyed"  or 
"high-strength  low-alloy"  (HSLA)  steels  in 
various  applications  and  product  forms  has  only 
occurred  since  about  1960.  Since  then,  there 
has  been  considerable  research  and  development 
activity  aimed  at  understanding  the  interrela¬ 
tionship  between  structure,  properties  and 
processing  in  these  steels  -  much  of  this 
activity  has  been  described  in  the  proceedings 
of  several  international  conferences  [e.g. 
1-5].  Concurrently,  there  has  been  continued 
growth  in  the  usage  of  HSLA  steels  in  a  variety 
of  product  forms.  For  example,  data  on  ship¬ 
ments  of  HSLA  steels  by  American  producers 
(AISI  statistics)  are  provided  in  Figure  1  for 
various  products.  It  is  apparent  that  the 
marked  increase  in  HSLA  steel  shipments  in 
plate  and  heavy  structural  products  began  in 
the  early  1960's  (concurrent  with  the  develop¬ 
ment  of  V/N-alloyed  steels  [6]).  The  growth  in 
plate  is  particularly  notable.  Increasing  from 
about  5Z  of  shipments  in  the  1960-62  timeframe 
to  more  than  20Z  today.  In  comparison,  sig¬ 
nificant  growth  in  HSLA  hot-  and  cold-rolled 
sheet  only  began  in  the  mid-1970's,  coinciding 


with  mandated  automotive  fuel  economy  require¬ 
ments  [7]  and  the  resulting  push  by  automakers 
for  weight  reduction  [e.g.  8,  9].  Meanwhile, 

in  some  other  steel  product  areas  the  trend  to 
HSLA  steels  has  not  yet  caught  on.  For  exam¬ 
ple,  while  there  is  considerable  ongoing 
research  and  development  activity  on  bar/ 
forgings,  applications  to  date  in  the  U.S.A, 
have  been  limited.  Similarly,  there  are  still 
other  domestic  market  areas  where  HSLA  steels 
are  underutilized  compared  to  Europe  ar.d/or 
Japan.  A  recent  study  by  the  International 
Iron  and  Steel  Institute  [10]  suggests  that 
significant  additional  penetration  of  HSLA 
steels  is  still  possible  in  the  U.S.A.  in  the 
areas  of  shipbuilding,  off-shore  structures, 
pressure  vessels,  sheet  piling  and  reinforcing 
bars . 

Although  there  are  many  technical,  design 
or  government-mandated  reasons  for  adopting 
HSLA  steels  in  various  applications,  it  is 
clear  that,  in  almost  all  cases,  the  driving 
force  is  economic,  i.e.  the  use  of  HSLA  steels 
to  replace  current  grades  saves  money.  To 
quote  from  Gordon  Walter's  rapporteur  summary 
at  Microalloying  75  [11],  "Higher  strength  has 
no  redeeming  value  unless  it  allows  weight 
reduction  on  a  cost-effective  basis  or  enables 
designs  to  be  completed  that  could  not  be  done 
with  lower  strength  steel."  Although  there  are 
examples  where  the  cost  of  HSLA  steel  (per  ton) 
is  less  than  that  of  current  grades,  more  often 
(when  HSLA  steels  replace  mild  steel) ,  HSLA 
steels  are  more  expensive  than  the  current 
grade  of  choice.  Consequently,  potential  users 
of  these  steels  must  look  for  economic  benefits 
by  considering  fabrication  and  final  system 
operating  costs  as  well.  Each  application 
should  be  considered  separately,  assessing 
several  areas  of  potential  savings,  e.g., 

•  In  some  cases,  the  current  component  design 
or  a  redesign  may  allow  the  thickness  of  the 
HSLA  product  to  be  reduced  relative  to  that 
of  mild  steel.  If  there  is  sufficient 
thickness  reduction,  the  weight  savings  of 
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the  final  structure  or  component  may  itself 
compensate  for  the  higher  materials  cost  of 
HSLA  steels.  In  some  designs  there  may  be  a 
"multiplying"  effect,  where  weight  reduction 
of  one  component  may  allow  weight  reduction 
elsewhere  in  the  final  assembly. 

•  Sometimes,  weight  reduction  in  the  vehicle 
design  will  allow  either  fuel  savings  or 
additional  payload  at  the  same  fuel  cost. 
In  addition,  lighter  final  structures  mean 
reduced  transportation  and  handling  costs 
during  the  fabrication  process. 

•  Using  as-rolled  steels  to  replace  grades 
that  were  designed  to  be  heat-treated  at 
some  point  during  the  fabrication  process 
reduces  tt;e  customer's  manufacturing  cost  by 
eliminating  one  or  more  processing  steps. 

•  There  are  also  examples  where  the  improved 
weldability  of  HSLA  steels  compared  to  cur¬ 
rent  grades  can  eliminate  the  need  for  pre¬ 
heat  and/or  weld  cracking.  The  result  can 
be  a  dramatic  reduction  in  fabrication  costs 
which  often  outweighs  the  higher  initial 
cost  of  HSLA  steels. 

Of  course,  there  may  also  be  cases  where 
the  use  of  HSLA  steels  allows  new  designs  to  be 
undertaken  that  would  not  be  possible  with 
lower  strength  grades.  In  these  cases,  the 
result  is  a  new  product  which  offers  a  competi¬ 
tive  advantage  (i.e.  improved  performance). 

The  present  paper  considers  several 
factors  that  can  justify  the  use  of  HSLA  steels 
in  a  variety  of  end  applications.  Examples 
will  be  presented  covering  various  processes 
and  product  forms  and  it  will  be  shown  that 
while  HSLA  steels  can  offer  considerable 
advantages  to  potential  users,  there  are  also 
properties  other  than  strength  that  should  be 
considered  before  these  steels  are  put  into 
full-scale  production.  This  paper  provides  a 
brief  overview  of  the  specific  examples;  addi¬ 
tional  details  ate,  of  course,  provided  in  the 
references . 

JUSTIFICATION  FOR  THE  USE  OF  HSLA  STEELS 

WEIGHT  REDUCTION  -  Among  the  factors  which 
argue  for  the  use  of  HSLA  steels,  it  is  perhaps 
the  potential  for  weight  reduction  (by  substi¬ 
tuting  HSLA  steels  for  mild  steel)  that  has 
received  the  most  attention  in  the  technical 
literature  as  well  as  in  the  popular  press. 
Particular  attention  has  been  given  to  the 
weight  reduction  of  U.S.  automobiles  since  the 
mid-1970's.  The  1973-74  Arab  oil  embargo  and 
subsequent  gasoline  shortages  in  1978-79 
provided  the  impetus  for  several  government- 
mandated  energy  conservation  measures,  among 
them  the  Corporate  Average  Fuel  Economy  (CAFE) 
standards  for  new  automobiles.  This  standard 
mandated  systematic  increases  in  fuel  economy 
from  7.6  km/1  (18  mpg)  in  1978  to  11.7  km/1 


(27.5  mpg)  in  1985  and  beyond  [7].  Compared 
to  an  average  value  for  the  1974  new  ca"-  fleet 
of  about  6  km/1  (14  mpg),  this  goal  represented 
an  increase  of  almost  lOOZ  in  fuel  economy  over 
an  eight  year  period. 

Several  authors  [e.g.  12-15]  have  reviewed 
the  routes  available  to  improved  fuel  economy 
in  automobiles  and  their  general  consensus  is 
that  while  improved  aerodynamics,  a  more 
efficie.-.t  drivetrain  and  better  engines  can  all 
be  of  significant  benefit,  vehicle  weight  is 
the  primary  factor  affecting  fuel  consumption. 
For  example,  data  for  most  of  the  new  1988 
models  [16]  (compared  to  results  for  1974 
vehicles  [15])  for  the  EPA  city /highway  cycle 
are  shown  in  Figure  2.  The  importance  of 
"getting  the  weight  out"  has  been  well 
appreciated  by  the  automotive  industry,  and 
through  a  combination  of  downsizing  and 
materials  substitution,  the  weight  of  the 
average  domestically-produced  automobile  has 
been  reduced  from  1,705  kg  (3,760  lb)  in  1976 
to  1,442  kg  (3,178  lb)  in  1987  [17].  This 
mandated  weight  reduction  has  had  the  desired 
impact  -  the  average  annual  fuel  consumption  of 
all  vehicles  on  the  road  in  the  U.S.  A.  has 
decreased  by  about  30%  over  the  same  time 
frame.  Although  cars  have  become  smaller,  an 
increase  in  the  use  of  plastics  (primarily  in 
trim  and  finish  applications),  aluminum  and 
especially  HSLA  steels  (Figure  3)  since  1973/74 
has  had  a  major  impact  on  weight  reduction. 
Today  the  average  domestically-produced  auto¬ 
mobile  contains  more  than  90  kg  (200  lb)  of 
HSLA  steel  [17,  18] . 

Over  the  past  decade  or  so,  much  of  this 
materials  substitution  was  implemented  to  meet 
the  CAFE  requirements.  More  recently,  however, 
the  theme  of  "cost-effective"  weight  reduction 
has  been  promoted.  On  this  basis  (Figure  4), 
HSLA  steels  are  the  only  material  under  con¬ 
sideration  by  the  automobile  industry  that  can 
actually  provide  a  cost  savings  (for  materials 
only)  when  substituted  for  mild  steel  [18]. 
Although  HSLA  steels  cost  more  than  mild  steel 
on  a  per  ton  basis,  if  full  advantage  can  be 
taken  of  their  higher  strength,  material  cost 
savings  will  be  achieved.  For  example  (Figure 
5),  when  substituting  a  550  MPa  (80  ksi)  HSLA 
grade  for  200  MPa  (29  ksi)  mild  steel,  a  weight 
reduction  of  about  30%  (the  exact  number 
depends  on  relative  prices)  must  be  obtained  to 
reduce  the  material  cost  [19].  Whether  this 
degree  of  weight  reduction  can  be  achieved 
depends  on  the  particular  application  being 
considered.  lor  example,  as  shown  in  Figure  6 
[20],  the  performance  of  any  part,  particularly 
when  subjected  to  bending  or  torsion,  depends 
on  the  component  geometry  as  well  as  its  yield 
strength.  In  those  applications  where  yield 
strength  controls  the  design  (e.g.  door  beams 


*  This  was 
(26  mpg) 


later  reduced  by  the  EPA  to  11  km/1 
for  1986,  1987  and  1988  vehicles. 
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and  bumpers),  very  efficient  use  of  HSLA  steels 
can  be  made  and  weight  savings  of  40-60%  can  be 
achieved  by  the  use  of  a  reduced  thickness  and 
higher  strength  (3A0-550  MPa  [50-80  ksi]) 
grades  substituting  for  mild  steel.  However, 
for  other  parts  (e.g.  outer  body  panels)  which 
are  also  subjected  to  bending  and/or  buckling, 
stiffness  is  more  important,  and  part  geometry 
and  the  modulus  of  elasticity  (identical  for 
carbon  and  HSLA  steels)  controls  materials 
selection.  In  these  cases,  the  potential 
weight  savings  on  direct  substitution  is  con¬ 
siderably  reduced,  and  HSLA  steels  may  not  be 
economical.  In  some  cases,  component  redesign 
(e.g.  the  use  of  beads  or  ribs  to  increase 
panel  stiffness)  may  improve  Che  structural 
performance  of  the  part  and  allow  for  more 
efficient  use  of  the  increased  strength  of  HSLA 
steels . 

Of  course,  the  benefits  of  weight  reduc¬ 
tion  in  terms  of  reduced  fuel  consumption  are 
not  limited  to  automobiles.  For  example,  HSLA 
steels  are  used  successfully  to  reduce  weight, 
and  hence  Improve  fuel  economy,  in  trucks,  rail 
cars,  off-highway  vehicles  and  even  ships 
(Figure  7  [10]).  Although  there  are  concerns 
about  the  extent  to  which  weight  can  be  reduced 
in  ships  because  of  buckling  and  stiffness 
considerations,  a  range  of  10  to  30%  for  HSLA 
steel  usage  is  probably  reasonable  [21]. 
Alternatively,  instead  of  fuel  savings,  the  use 
of  HSLA  steels  to  reduce  vehicle  or  vessel 
weight  allows  an  increase  in  payload  while 
keeping  fuel  costs  the  same,  an  important 
consideration  for  the  transportation  Industry. 

Finally,  the  idea  of  "iterative"  weight 
reduction  should  be  presented.  An  example  of 
this  redesign  process  as  applied  to  off-highway 
vehicles  is  shown  in  Figure  8  [22].  Weight 
reduction  in  one  component  (in  this  case  a  tool 
attachment)  can  lead  to  a  "multiplying"  effect 
by  allowing  smaller  engines,  drive-trains,  and 
body  support  structure.  Although  the  amount  of 
this  "other"  weight  reduction  depends  signifi¬ 
cantly  on  the  type  of  vehicle  being  considered, 
estimates  for  automobiles  suggest  that  this 
additional  weight  savings  is  about  50%  of  the 
component  weight  reduction  [23]. 

REDUCED  CUSTOMER  PRODUCTION  COSTS/MORE 
EFFICIENT  DESIGN  -  An  area  of  Interest  to  most 
steel  fabricators  is  the  possibility  of  reduc¬ 
ing  their  in-house  production  costs.  In  a 
variety  of  applications  the  substitution  of 
HSLA  steels  for  medium  carbon  or  alloy  grades 
that  would  normally  be  quenched-and-tempered 
after  a  variety  of  operations  has  proved  to  be 
cost-effective.  For  example,  consider  the 
manufacture  of  crankshafts  (Figure  9)  by  drop 
forging  [24];  here  the  use  of  mlcroalloyed 
steels  to  develop  the  required  properties  in 
the  as-forged  and  cooled  condition  has  resulted 
in  the  elimination  of  the  quenching,  tempering, 
straightening  and  stress  relieving  operations. 
Final  part  cost  savings  on  the  order  of  10%  for 
forged  components  like  connecting  rods  and 
crankshafts  have  been  achieved  by  the  substi¬ 


tution  of  HSLA  steels  for  heat-treated  grades 
[25]. 

Another  example  Involves  the  use  of  micro- 
alloyed  steel  wire  rod  foi  automotive  fasteners 
to  replace  a  heat-treated  medium  carbon  steel 
(Figure  10).  In  this  case,  both  spheroidlze 
annealing  (before  drawing  and  cold  heading  of 
the  conventional  medium  carbon  wire  rod)  and 
subsequent  quenching  and  tempering  were  elimi¬ 
nated  [761. 

A  noteworthy  effort  to  reduce  fabrication 
costs  is  the  ongoing  move  to  HSLA  steels  in 
Navy  shipbuilding  to  replace  the  heat-treated, 
high-alloy  HY-80  and  HY-100  grades  [21].  In 
addition  to  the  lower  material  cost  of  the  Cu- 
bearing  HSLA-80  and  HSLA-100  grades,  there  are 
major  benefits  in  terms  of  the  improved  weld¬ 
ability  of  the  HSLA  grades  (Figure  11).  For 
example,  by  moving  to  the  lower  carbon,  more- 
weldable,  HSLA-80  grade  (to  replace  HY-80)  the 
need  for  preheat  is  eliminated.  The  Navy 
estimates  the  cost  of  preheating  at  $0.09  to 
$0.18  per  kg  ($0.20  to  $0.40  per  pound).  Con¬ 
sidering  anticipated  Navy  shipbuilding  pro¬ 
grams,  the  reduced  material  and  fabrication 
costs  translates  into  a  potential  reduction  in 
Navy  shipbuilding  costs  of  about  $0.2  to  $1.0 
billion  over  the  next  decade  [21]. 

The  use  of  HSLA  steels  in  building  and 
bridge  construction  provides  a  good  example  of 
reduced  costs  through  more  efficient  design. 
In  fact,  the  development  of  hot-rolled  and 
normalized  HSLA  steels  in  the  early  1960's 
allowed  more  cost-effective  design  of  buildings 
and  bridges,  (hence  the  rapid  growth  of  HSLA 
plate  and  heavy  structural  shipments  in  this 
time  frame  -  Figure  1).  Considering  alternate 
designs  for  structures  (Figure  12  [10]),  it 
becomes  apparent  that,  if  the  design  strength 
is  based  on  both  yield  and  tensile  strength, 
the  most  efficient  design  (in  terms  of  material 
costs)  is  for  steels  with  yield  strengths  of 
about  350  MPa  ([50  ksi],  usually  produced  to 
ASTM  A572  and  A588  specifications).  More 
recent  work,  however,  suggests  that  if  fabrica¬ 
tion  and  construction  costs  are  also  consid¬ 
ered,  there  may  be  some  cost  advantage  in 
moving  to  even  higher  strength  levels  [10]. 
This  is  obviously  a  situation  that  deserves 
further  attention. 

NEW  DESIGNS  -  IMPROVED  PERFORMANCE  -  Per¬ 
haps  the  classic  example  of  how  the  use  of  HSLA 
steels  can  result  in  otherwise  unachievable 
designs  is  in  the  development  of  HSLA  steels 
for  oil  and  gas  pipelines  [27,28].  In  the 
transport  of  natural  gas  via  a  pipeline,  some 
of  the  gas  must  be  used  to  fuel  compressor 
stations  along  the  line.  The  amount  of  gas 
used  as  a  fuel  decreases  with  increasing  oper¬ 
ating  pressure  and  increasing  pipe  diameter. 
The  development  of  HSLA  linepipe  steels  permit¬ 
ted  the  use  of  larger  pipelines  operating  at 
pressures  in  excess  of  112  bar  (1600  psi)  (Fig¬ 
ure  13  [28]).  Today  HSLA  linepipe  grades  with 
yield  strengths  up  to  483  MPa  (70  ksi),  in 
thicknesses  up  to  25  mm  (1  inch)  are  readily 
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available.  Of  course,  in  addition  to  higher 
strength  in  greater  thicknesses,  these  HSLA 
grades  also  provide  excellent  toughness,  good 
field  weldability,  resistance  to  ductile  crack 
propagation,  and  in  some  cases,  good  resistance 
to  aggressive  (sour  gas  or  CO2)  environments. 
This  combination  of  properties  makes  linepipe 
steels  the  premium  HSLA  grades  available  today. 
Similar  considerations  are  also  being  given  to 
steels  for  offshore  structures,  particularly 
for  application  in  colder,  more  hostile  seas. 

OTHER  CHARACTERISTICS  OF  HSLA  STEELS 

In  the  previous  sections  we  have  focused 
on  some  of  the  factors  contributing  to  the 
increased  use  of  HSLA  steels  in  various  appli¬ 
cations.  As  such,  we  have  accentuated  the 
benefits  of  these  steels  in  terms  of  weight 
reduction,  design  efficiency  and  reduced  fabri¬ 
cation  costs.  However,  some  of  the  other 
engineering  properties  of  HSLA  steels  that  may 
impact  on  manufacturing  or  service  performance 
must  also  be  considered. 

FORMABILITY  -  Generally  speaking,  increas¬ 
ing  strength  means  reduced  formability  in  all 
forming  modes.  Several  authors  [29-31]  have 
defined  the  loss  ir.  stretch  formability  result¬ 
ing  from  the  increased  strength  level  of  HSLA 
steels;  for  example,  forming  limit  diagrams  for 
350  and  550  MPa  (50  and  80  ksi)  steels  (^ompared 
to  mild  steel  are  shown  in  Figure  14  [30]. 
Similar  strength  effects  are  noted  when  assess¬ 
ing  the  sensitivity  to  edge  failure  (e.g. 
cracking  during  expansion  of  a  sheared  hole); 
however,  in  this  case,  control  of  Inclusion 
volume  fraction  and  shape  may  offset  some  of 
the  formability  loss  at  the  higher  strength 
levels  [32].  Whether  the  formability  of  a  par¬ 
ticular  HSLA  steel  is  adequate  depends  on  the 
particular  application.  In  most  cases,  part 
redesign  and/or  miner  modifications  in  the  man¬ 
ufacturing  process  have  successfully  resolved 
initial  forming  difficulties  encountered  with 
HSLA  steels. 

NOTCH  TOUGHNESS  -  Toughness  is  of  signifi¬ 
cance  in  many  structural  applications,  and  in 
general,  the  combl^tion  of  microalloying  and 
controlled  rolling  produces  improved  tough¬ 
ness  compared  to  hot-rolled  mild  steel  (Figure 
15  [33]).  Even  better  levels  of  toughness 
(e.g.  to  meet  severe  linepipe  or  Navy  toughness 


*  In  many  cases  total  elongation  as  measured 
in  a  tensile  test  provides  a  realistic 
rating  of  the  relative  formability  of  these 
steels . 

**  Controlled  rolling  uses  lower  rolling  tem¬ 
peratures  compared  to  conventional  hot  roll¬ 
ing.  When  combined  with  appropriate  micro- 
alloying,  the  result  is  significant  ferrite 
grain  refinement,  and  hence  Improved  tough¬ 
ness  . 


requirements)  can  be  achieved  by  judicious 
compositional  modification  (e.g.  lower  carbon 
and  sulfur  contents,  nickel  additions,  etc.) 
and/or  processing  changes  (e.g.  more  severe 
controlled  rolling,  accelerated  cooling  after 
rolling,  etc.). 

Ensuring  an  adequate  level  of  toughness  is 
of  particular  concern  when  an  HSLA  steel  re¬ 
places  a  quenched-and-tempered  (Q&T)  product, 
e.g.,  as  is  being  considered  for  some  of  the 
forging  applications  discussed  earlier.  In 
these  cases,  the  conventional  Q&T  product  is 
usually  a  medium-carbon  steel  and  the  thermo¬ 
mechanical  treatment  imparted  by  the  standard 
forging  operation  is  akin  to  hot-rolling.  If  a 
microalloyed  steel  at  the  same  strength  level 
is  substituted  without  any  modification  in 
carbon  level  or  forging  practice,  the  result, 
illustrated  in  Figure  16,  is  usually  reduced 
notch  toughness  [34].  With  a  reduced  carbon 
content,  controlled  forging  practices  and 
accelerated  cooling  after  rolling,  some  im¬ 
provements  in  toughness  are  achievable.  How¬ 
ever,  considering  the  available  routes  to 
higher  strength  in  HSLA  grades,  the  development 
of  a  Charpy  transition  temperature  similar  to 
the  Q&T  grades  at  yield  strength  levels  of 
700  MPa  (100  ksi)  or  higher  is  unlikely. 
Whether  the  reduced  toughness  levels  of  these 
HSLA  steels  will  suffice  depends  on  the  specif¬ 
ic  application,  e.g.  medium  carbon  HSLA  forging 
steels  have  been  judged  to  be  adequate  by  Volvo 
for  automobile  connecting  rods  and  steering 
knuckles,  but  not  for  truck  front  axle  beams 
[35]. 

FATIGUE  PROPERTIES  -  In  many  applications, 
fatigue  strength  is  the  important  design  param¬ 
eter.  The  fatigue  strength  of  steels  generally 
increases  with  increasing  tensile  strength. 
Thus  HSLA  steels  exhibit  improved  fatigue 
behavior  compared  to  as-rolled  mild  steel.  In 
addition,  microalloyed  steels  exhibit  hardening 
during  cyclic  testing  while  Q&T  steels 
cyclically  soften.  Thus,  a  550  MPa  (80  ksi) 
yield  strength  HSLA  steel  has  about  the  same 
strain-life  fatigue  behavior  as  a  700  MPa 
(100  ksi)  yield  strength  Q&T  product  [36].  In 
most  applications,  fatigue  strength  does  not 
limit  the  use  of  HSLA  steels.  However,  in  the 
presence  of  a  welded  joint,  fatigue  strength 
can  be  significantly  reduced  [e.g.,  22,  34, 
37],  Consider,  for  example,  the  use  of  HSLA 
steels  for  automotive  wheel  rims  (Figure  17). 
While  the  fatigue  strength  increases  con¬ 
tinuously  with  increasing  tensile  strength  for 
the  base  metal,  in  the  presence  of  a  notch 
(simulating  a  welded  joint  in  a  rim)  there  is  a 
maximum  in  fatigue  strength  at  a  base  metal 
tensile  strength  of  about  585  MPa  (85  ksi) 
[37].  Consequently,  in  conventional  wheel  rim 
production,  there  may  be  a  limit  to  the 
strength  level  at  which  HSLA  steels  can  be 
effectively  utilized.  In  extreme  cases,  if  the 
welded  joint  is  in  the  high  stress  area,  there 
may  be  no  advantage  gained  by  using  HSLA  steels 
(since  the  fatigue  strength  of  the  welded  joint 
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is  similar  to  what  would  be  achieved  in  mild 
steel).  In  these  cases,  component  redesign  to 
put  the  weld  in  a  less  critical  spot  relative 
to  the  operating  stresses  offers  one  way  to 
make  use  of  HSLA  steels. 

WELDABILITY  -  In  various  kinds  of  welding 
procedures,  adequate  weldability  is  usually 
defined  in  terms  of  a  "maximum"  carbon  equiva¬ 
lent  (e.g.  31,  38).  In  terms  of  resistance 
spot  welding  in  the  automotive  industry,  HSLA 
sheet  steels  can  be  successfully  joined  with 
suitable  adjustment  of  welding  parameters.  For 
example,  HSLA  steels  require  lower  currents  and 
a  higher  electrode  force  (Figure  18  [39])  than 
mild  steel.  Minimum  nugget  diameters,  about 
20-30%  larger  than  for  mild  steel,  are  also 
usually  specified  for  HSLA  steels  to  eliminate 
"interface  cracking"  of  the  weld,  and  to 
provide  for  increased  load  transfer  to  match 
the  higher  strength  of  the  HSLA  grades.  Most 
manufacturing  engineers  are  now  familiar  with 
the  parameters  required  to  successfully  spot 
weld  HSLA  steels,  and  inadequate  weldability  no 
longer  appears  to  be  a  significant  barrier  to 
the  increased  use  of  HSLA  sheet  grades. 

In  arc  welding  of  plate  steels,  we  are 
concerned  with  cold-cracking  in  or  near  the 
heat-affected  zone  of  a  weld.  To  avoid  cold¬ 
cracking,  conventional  steels  are  often  pre¬ 
heated;  the  necessary  preheat  depends  on 
factors  such  as  strength  level,  composition, 
weld  restraint  level,  plate  thickness,  welding 
heat  input  and  weld  metal  hydrogen.  There  have 
been  many  successful  efforts  to  develop  preheat 
temperature  guidelines  based  on  these  factors, 
and  the  state-of-the-art  has  been  recently 
summarized  by  Yurioka  [38].  Considering  compo¬ 
sitional  factors,  it  is  now  well  appreciated 
that  the  "Pern"  carbon  equivalent  allows  a  more 
realistic  assessment  of  the  weldability  of  low 
carbon  steels  compared  to  the  conventional  IIVI 
carbon  equivalent  [AOj.  More  recently,  Yurioka 
et  al.  [Al]  proposed  a  "blended"  carbon  equiva¬ 
lent,  CEN,  which  is  similar  to  the  Pem  formula 
at  low  carbon  levels  (<0.17%),  and  foy.ows  the 
IIW  formula  at  higher  carbon  levels  .  Many 
modern  HSLA  steels  exhibit  superior  weldability 
to  mild  steel  because  of  their  lower  carbon 
contents  and  lower  carbon  equivalents 
(Figure  19  [A2]),  and  do  not  generally  require 
any  preheat  to  avoid  cold-cracking,  even  in 
thicker  plates.  HSLA  steels  are  also  available 
with  deliberate  additions  of  Ti  or  various 


combinations  of  Ti,  B,  rare  earth  metals  or  Ca; 
these  additions  provide  good  toughness  in  the 
heat-affected  zone,  even  when  welding  at  high 
heat  inputs  [A3-A5]. 

MACHINABILITY  -  In  forging  applications, 
in  particular,  machining  of  the  final  part  may 
contribute  as  much  as  50-60%  to  the  total  cost 
of  manufacture  [A6].  The  machining  properties 
of  HSLA  steels  compared  to  Q&T  steels  at  a 
similar  strength  (hardness)  level,  are  there¬ 
fore  of  importance  with  regard  to  the  applica¬ 
tion  of  these  grades.  Research  to  date  gener¬ 
ally  indicates  that  HSLA  steels  have  at  least 
similar,  and  sometimes  better  machinability 
than  Q&T  steels  (Figure  20  [A7]).  Of  course, 
standard  routes  to  improved  machinability  (e.g. 
calcium  treatment,  higher  sulfur  contents, 
etc.)  may  also  be  applied  to  HSLA  steels. 

CORROSION  RESISTANCE  -  The  corrosion  per¬ 
formance  of  HSLA  steels  in  various  environments 
is  considered  to  be  similar  to  that  of  mild  or 
low-alloy  steel  [21,31].  Consequently,  when 
the  use  of  HSLA  steels  leads  to  a  reduction  in 
component  thickness,  reduced  corrosion  life  may 
be  a  concern.  However,  with  today's  knowledge 
of  corrosion  prevention  techniques  and  the 
availability  of  a  variety  of  improved  coatings, 
corrosion  concerns  are  usually  not  a  barrier  to 
the  application  of  HSLA  steels. 

SUMMARY 

This  brief  review  demonstrates  that  HSLA 
steels  can  provide  significant  benefits  to 
potential  users  in  terms  of  more  efficient 
designs,  reduced  production  or  fabrication 
costs  and/or  improved  performance.  At  the  same 
time  many  other  important  engineering  proper¬ 
ties  of  HSLA  steels  may  also  be  improved  or  at 
least  be  similar  to  those  of  the  low  carbon  or 
quenched-and-tempered  grades  currently  in  use. 
On  the  other  hand,  there  may  be  some  instances 
where  the  reduced  formability  or  notch  tough¬ 
ness  of  some  HSLA  steels  (compared  to  current 
grades  of  choice)  may  limit  applications.  How¬ 
ever,  with  the  bottom-line  gains  that  are 
achievable  thro\igh  the  use  of  HSLA  steels,  it 
is  important  fer  potential  users  to  carefully 
assess  the  cost/perf ormance  trade-offs  on  a 
case-by-case  basis,  with  special  emphasis  on 
the  design  criteria  that  control  the  service 
performance  of  the  component. 


*  These  various  carbon  equivalent  formulae  are, 
CE  (IIW) 

Pem 


Mn  Cu  +  Ni  Cr  +  Mo  +  V 
^ - 3 - 


r.^Sla.”ll4.^a.Ni  +  Cr,Mo  _V 

^  30  20  20  60  20  15  10 


. Si  Mn  .  Cu  .  Ni  .  Cr  +  Mo  +  Nb  +  V  . 

CEN  -  C  +  A(C)*[2^  ~6  ^  T5  ^  To  ^  - 5 -  ^  ’ 

where,  A(C)  -  0.75  +  0.25  tanh  [20(C-0.12)] 
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Figure  1.  HSLA  steel  shipments  for  various  products  as  a  percentage 
of  total  AlSI-reported  shipments  (1960  to  1987). 
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Figure  2.  Effect  of  vehicle  weight  on  fuel 
economy  for  combined  city/highway 
cycle  (from  references  15,  16). 


Figure  3.  Trend  in  the  use  of  HSLA  steels 

in  automobiles  produced  in  U.S.A. 
(from  references  17,  18). 
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Figure  4.  Material  cost  ratio  as  a  function 
of  weight  reduction  potential  for 
various  materials  compared  to  mild 
steel  as  the  base.  Solid  line  is 
break-even  line  for  materials  cost. 
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Figure  5.  Weight  savings  required  to  break 
even  when  substituting  340  to  550 
MPa  (50  to  80  ksi)  yield  strength 
HSLA  steels  for  mild  steel,  e.g. 
SAE  980X  is  an  80  ksi  [550  MPa] 
grade  (from  reference  19). 
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Figure  6.  Potential  weight  savings  for  340  to  550  MPa  yield  strength 

HSLA  steels  when  substituted  for  200  MPa  yield  strength  mild 
steel  in  various  structural  components  (from  reference  20). 
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Figure  7.  Reduction  in  the  fuel  costs  of  var¬ 
ious  class  ships  (over  a  10  year 
period)  as  a  function  of  the  propor¬ 
tion  of  HSLA  steels  used  in  vessel 
construction  (from  reference  10). 


Figure  9.  Required  manufacturing  steps  for  pro¬ 
ducing  crankshafts  from  quenched  and 
tempered  and  microalloyed  medium 
carbon  steels,  respectively  (from 
reference  24) . 


Figure  8.  Iterative  weight  reduction  model  for 
redesign  of  off-highway  vehicles 
(from  reference  22). 


Microalloyed  steel  Carbon  steel 

Figure  10.  Manufacturing  sequence  for  class 
8.8  automotive  bolts  from  micro- 
alloyed  and  carbon  steels,  respec¬ 
tively  (from  reference  26). 
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Figure  11.  Cold-cracking  susceptibility  of  var¬ 
ious  Navy  shipbuilding  steels  as  a 
function  of  carbon  content  and  IIW 
carbon  equivalent  (from  reference 
21). 
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Figure  12.  Relationship  bet«?en  steel  cost 
per  unit  design  stress  and  yield 
strength  for  structural  designs 
based  on  either  yield  strength  or 
yield  and  tensile  strength  (from 
reference  10) . 


Figure  13.  Trends  in  pipeline  design  requirements  since  1963  (from  reference  23). 
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Figure  14.  Forming  limit  diagrams  for  a  low- 
carbon,  and  two  HSLA,  sheet  steels 
at  a  thickness  of  2.54  mm  (0.10 
inch)  (from  reference  30)  . 
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Figure  17.  Effect  of  tensile  strength  on  the 
fatigue  strength  of  HSLA  steels  in 
the  as-received  and  strained/ 
notched/baked  conditions;  stress 
ratio  (R)  =  -1  (from  reference  37). 
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Figure  15.  Comparison  of  Charpy  curves  for 

carbon  and  HSLA  plate  steels  (from 
reference  33) . 
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Figure  16.  Comparison  of  Charpy  curves  for 
quenched  and  tempered  and  HSLA 
medium  carbon  forging  grades  (from 
reference  34)  . 
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Figure  18.  Comparison  of  required  spot  welding 
parameters  for  low  carbon  and  HSLA 
sheet  steels  (from  reference  39). 
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DEVELOPMENT  AND  APPLICATION 
OF  HIGH  STRENGTH  STEELS  FOR 
COST  AND  WEIGHT  REDUCTION 


D.  J.  Naylor 

British  Steel  Corporation 
Swinden  Laboratories 
Rotherham.  S60  3AR 
South  Yorkshire,  Great  Britain 


ABSTRACT 

The  paper  will  review  several  developments  of  HSLA  steels, 
including  microalloyed  steels,  in  the  form  of  long  (billet  and 
bar  derived)  and  flat  (narrow  strip)  products 
These  new  materials  have  been  made  available  through 
recent  advances  in  modern  steelmaking  practices,  e  g. 
improved  cleanness  (lower  sulphur  contents  and  inclusion 
shape  control),  close  chemical  composition  control  and 
thermomechanical  treatments. 

These  developments  have  been  stimulated  in  response  to  the 
demands  of  steel  users  for  products  with  increased  strength 
levels  whilst  maintaining  or  even  improving  the  toughness  at 
progressively  lower  temperatures,  and  also  with  acceptable 
formability,  machinability  or  weldability  and  for  use  in 
increasingly  more  aggressive  environments. 

Several  illustrations  will  be  given  of  the  development  and 
applications  of  high  strength  steels  which  offer  better  'value  in 
use*  These  include: 

-  Microalloyed  steels  for  air  cooled  forgings,  not  requiring 
conventional  heat  treatment. 

High  strength,  tough  and  weldable  steels  for  forged  fittings 
and  flanges 

Hot  and  cold  rolled  strip  for  automotive  components 
High  strength,  tough  steels  for  more  efficient  gas  cylinders. 
The  successful  application  of  high  strength  steels  for  cost  and 
weight  reduction  and  more  efficient  material  utilisation  will 
also  depend  on  design  considerations  and  optimisation 
Another  important  aspect  influencing  the  successful 
implementation  of  HSLA  steels  is  the  demonstration  of 
'fitness  for  purpose'  to  ensure  safe  and  acceptable  service 
performance.  The  contribution  of  fracture  mechanics  and 
strain  controlled  fatigue  data  to  help  achieve  this  objective 
will  also  be  described  and  discussed 


DESPITE  THE  SIGNIFICANT  CONTRACTION  in  the 
European  steel  industry  during  the  past  decade,  there  have 
been  major  improvements  in  plant  and  processing  conditions 
These  have  included  continuous  casting,  ladle  are 
steelmaking,  clean  steel  practices,  inclusion  modification, 
controlled  rolling  and  other  thermo  mechanical  treatments 
They  have  led  to  increased  productivity  and  also  to  improved 
product  quality  Combined  with  a  better  metallurgical 
understanding  of  the  relationships  between  processing, 
microstructure  and  properties,  it  has  therefore  been  possible 
to  develop,  at  an  economical  cost,  new  steels  for  a  wide  range 
of  applications.  Over  the  same  period,  there  have  been 
growing  demands  from  steel  users  for: 
weight  saving:  to  improve  fuel  consumption  and 

provide  more  elTicient  components, 
cost  reduction:  to  resist  the  challenge  from 

alternative  materials. 

increased  safety:  to  provide  greater  resistance  to 

damage  without  increasing  weight  or  cost 

These  requirements  can  be  satisfied  by  the  use  of  higher 
strength  steel  In  many  cases,  the  increased  stength  levels 
have  to  be  achieved  whilst  maintaining,  or  even  increasing, 
the  toughness,  at  progressively  lower  temperatures 
Futhermore,  the  higher  strength  steels  must  have  acceptable 
formability,  weldability  and  machinability,  to  ensure  that  the 
components  can  be  fabricated  economically  This  paper 
provides  several  examples  of  the  development  and 
applications  of  high  strength  steels  for  cost  and  weight 
reduction. 

The  successful  application  of  high  strength  steels  for 
better  "value  in-use"  and  more  efficient  material  utilisation 
depends  also  on  design  considerations  and  optimisation 
Weight  saving,  through  the  use  of  higher  strength  materials 
will  depend  upon  how  the  structure  or  component  is  stressed 
For  all  practical  purposes,  the  elastic  modulus  of  steels  is  fixed 
and  the  use  of  a  higher  strength  steel  simply  provides  the 
design  engineer  with  the  opportunity  to  stress  the  material  to 
a  higher  elastic  limit.  The  presence  of  non-uniform  stress 
fields,  such  as  in  bending,  limits  this  weight  saving  potential, 
which  is  clearly  maximised  under  uniform  axial  loading 
conditions.  Close  attention  to  design  detail  to  limit  stress 
concentrations  is  therefore  required. 
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Care  must  be  taken,  when  modifying  an  existing  design, 
to  ensure  that  a  reduced  section  thickness  does  not  endanger 
the  stability  of  the  product  due  to  buckling.  Control  of  elastic 
displacement  is  also  an  important  consideration  which  can 
often  limit  the  use  of  higher  strength  steels  in  building 
construction  and  in  moving  part  machinery. 

The  design  engineer  must  also  take  into  consideration 
the  likely  increase  in  the  risk  of  fracture  resulting  from  the 
higher  operating  stresses,  as  well  as  the  need  to  evaluate  any 
potential  problems  arising  from  fatigue  loading  or 
environmental  susceptibility.  Another  important 
prerequisite,  therefore,  is  the  demonstration  of  fitness-for- 
purpose  of  higher  strength  steels  to  ensure  a  safe  and 
acceptable  in-service  performance  The  use  of  fracture 
mechanics  and  strain  controlled  fatigue  data  in  these 
considerations  will  be  described  and  discussed. 

LOW  COST  HIGH  STRENGTH  STEELS  FOR 
AUTOMOTIVE  FORGINGS 

Over  the  past  15  years,  the  UK  production  of  cars  and 
commercial  vehicles  has  fallen  from  over  2  million  to  about  1 
million  units/annum.  Consequently,  the  home  market 
demand  for  engineering  steels  in  the  form  of  billet  and  bar  has 
also  reduced  by  about  50%.  Over  the  same  period,  there  has 
been  a  growing  demand  from  the  automotive  industry  for 
lower  cost  components  which,  together  with  an  increasing 
threat  from  alternative  materials  such  as  castings  and 
composites,  has  represented  a  considerable  challenge  to  the 
steelmaking  and  forging  industries  In  response,  a  new  series 
of  medium  carbon  microalloyed  steels  has  been  developed'L2i 
with  the  objective  of  eliminating  the  cost  of  expensive  heat 
treatments  to  achieve  the  specified  properties.  These  steels 
attain  the  desired  properties  during  controlled  air  cooling 
following  forging 

A  small  addition  of  vanadium  (typically  0  1%)  to 
a  medium  carbon  steel  produces  a  20%  increase  in  tensile 
strength.  Fig  1.  by  the  formation  of  a  fine  dispersion  of 
vanadium  carbo-nitride  precipitates  during  air  cooling  A 
German  specification,  49.MnVS3,  was  first  utilised  in  the 
1970’s  for  this  approach  but  it  was  apparent  that  this  steel 
could  not  match  effectively  some  of  the  high  strength  alloy 
steels  used  for  automotive  transmission  components. 
Consequently  trials  were  conducted  at  Swinden  Laboratories 
on  various  C-.Mn  V  steels,  which  led  to  the  achievement  of 
increased  strength  levels  compared  with  49MnVS3  The 
composition  of  the  new  steel  is  selected  from  the  range  shown 
in  Table  1,  depending  upon  the  specific  properties  required, 
equivalent  ruling  section  and  forging  conditions.  Controlled 
sulphur  ranges  are  selected,  depending  on  the  machinability 
requirements  The  full  mechanical  property  specifications  are 
also  shown  in  Table  1,  indicating  the  higher  strength,  higher 
toughness  and  ductility  compared  with  49MnVS3  The  new 
steels  satisfy  the  BS  970  280M01  specification  and  the 
superior  properties  compared  with  SG  and  austempered  cast 
irons  are  illustrated  in  Fig.  2 

Table  1  -  Microalloyed  Forging  Steel 
(a)  Chemical  Composition,  Wt.  % 

C  Si  Mn  P  S  V 

0  30/  0.15/  1  0/  0035  0  10  0  04/ 

0  50  0  35  1.5  max.  max.  0.20 


(b)  Mechanical  Properties 


VANARD 

field 

Tensile 

Charov 

U 

Grade 

HB 

Strength 

.N/mm7 

Strength 

N7mm2 

El.  % 

Notch 

J 

850 

223/277 

>540 

‘70-930 

>18 

>20 

925 

248/302 

>600 

850-1000 

>16 

>20 

1000 

269/331 

>650 

930-1080 

>12 

>15 

1100 

293/352 

>700 

1000-1160 

>8 

>10 

49MnVS3 

240/260 

>500 

800-900 

>8 

>15 

This  development  programme  'icluded  a  detailed 
evaluation  of  the  effects  of  chemical  composition  and 
processing  variables  up  m  microstructure  and  mechanical 
properties.  A  minimum  soaking  temperature  >f  1100°C  is 
necessary  to  realise  the  full  strengthening  potmtial  of  the 
vanadiu.n  addition  The  ductility  and  toughness  of 
microalloyed  steels  are  improved  by  reducing  the  finish 
forging  temperature,  consistent  with  a  refinement  in  the 
austenite  grain  size.  However,  the  specified  properties  can  be 
developed  over  a  wide  range  of  forging  temperatures. 
Increasing  the  post  forging  cooling  rate  genera. ly  increases 
yield  and  tensile  strength,  due  to  grain  and  precipitate 
refinement  and  enhanced  dispersion  hardening  However, 
there  is  an  optimum  cooling  rate,  above  which  the  strength  is 
reduced,  due  to  the  formation  of  bainite  and  the  suppression  of 
precipitation  Bin  cooling  direct  from  the  forge  n,  jst  be 
eliminated  and  the  forgings  should  be  cooled  individually  to 
600°C,  either  on  a  conveyor  or  on  a  rack.  Some  forgers  have 
installed  special  conveyor  systems  which  have  tl.e  facility  to 
accelerate  or  retard  the  cooli.ig  rate  as  required 

Following  the  extensive  testing  of  laboratory  and 
production  casts,  it  has  been  possible  to  establish  rigorous 
multiple  regression  relationships  between  composition, 
processing  conditions  and  properties.  These  equations 
facilitate  the  selection  of  the  precise  chemical  composition 
needed  to  meet  the  desired  properties  and  also  enable 
recommendations  to  be  made  to  the  forging  industry  on  the 
processing  conditions  that  will  give  the  most  consistent 
property  response.  The  excellent  correlation  between  the 
predicted  and  measured  tensile  strength  for  several  as-forged 
automotive  components  is  shown  in  Fig.  3.  It  has  also  been 
demonstrated  that  these  air  cooled  forgings  exhibit  more 
consistent  properties  than  conventionally  heat  trea  ted  parts 
Unlike  most  heat  treated  carbon  and  low  alloy 
steels,  which  soften  during  repeated  loading,  microalloyed 
carbon  steels  exhibit  cyclic  strain  hardening,  as  shown  in  Fig 
4.  This  effectively  co.npensates  for  the  initial  lower  yield 
strength  of  the  air  cooled  steels 

In  addition  to  achieving  the  specified  mechanical 
properties,  it  has  also  loen  necessary  to  satisfy  potential  users 
that  microalloyed  steel  forgings  can  be  finished  and  fabricated 
without  problems  The  surface  hardening  response  of  air 
cooled  microalloyed  steel,  with  induction  hardening  and 
nitriding,  has  been  shown  to  be  quite  satisfactory  It  has  also 
been  demonstrated  that  the  machinability  of  these  steels  is  at 
least  as  good  as  that  of  equivalent  strength  heat  treated  steels 
However,  in  some  instances,  it  may  be  necessary  to  optimise 
tool  geometry  and  cutting  conditions  to  maximise  the  benefits 
Because  of  their  lower  impact  toughness  compared  with 
heal  treated  steels,  the  initial  applications  of  the  high 
strength  microalloyed  forging  steels  were  restricted  to  non 
shock  loaded  components,  such  as  crankshafts  and  connecting 
rods  Before  being  introduced  into  production  vehicle 
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manufacture,  extensive  product  evaluation  and  rig  testing 
were  conducted  to  demonstrate  that  they  had  acceptable 
fatigue  performance.  The  new  steel  is  now  being  used  by 
Austin  Rover  for  the  1.3  litre  Metro  and  Maestro  engine 
crankshafts  and  by  Ford  Motor  Company  for  the  York  diesel 
engine  connecting  rods.  As  confidence  in  these  new  materials 
has  grown,  trials  have  also  been  conducted  on  more  safety- 
critical  steering  and  suspension  parts.  Acceptable  fatigue 
properties  have  been  obtained  on  steering  arms,  which  are 
now  used  on  the  Metro  car,  wheel  spindles,  knuckles  and  hubs. 
Following  successful  component  fatigue  tests.  Rolls  Royce 
have  approved  the  use  of  microalloyed  steels  for  drive 
couplings  Microalloyed  steel  steering  knuckles  have  shown 
more  than  double  the  fatigue  life  of  heat  treated  alloy  steel. 
Front  wheel  hubs  have  been  subjected  to  pendulum  impact 
tests  at  45’C  without  inducing  fracture  Rear  wheel  hubs 
have  also  been  subjected  to  curb  impact  testing  without 
fracture  occurring,  whilst  adjacent  parts  of  the  suspension 
were  broken  or  damaged.  These  practical  results  clearly 
indicate  the  fitness  for  purpose  of  air  cooled,  microalloyed 
steels  for  many  safety  critical  applications  in  the  chassis. 
Other  evaluations,  which  are  currently  in  progress,  include 
steering  swivels,  lifting  arms,  track  roller  shafts  and  gears 

The  fracture  toughness  of  air  cooled,  microalloyed  steels 
have  been  determined  with  values  between  50  and  85  MPa 
V^m,  compared  with  80  to  120  MPa  Vm  for  heat  treated  alloy- 
steels.  Consequently,  the  critical  crack  sizes  are  smaller  than 
with  conventionally  heat  treated  low  alloy  steels.  Therefore 
each  application  should  he  judged  on  its  merits  to  determine 
whether  these  are  tolerable 

There  is  much  interest  currently  in  attempts  to  improve 
the  impact  toughness  of  air  cooled  microalloyed  steels  for 
forging  and  bar  applications  The  use  of  lower  finishing 
temperatures  is  known  to  refine  the  austenite  grain  size  and 
enhance  toughness,  although  this  is  often  not  practicable. 
Claims  have  been  made  that  microalloyed  steels  with  bainitic 
structures  oiTer  improved  toughness'^  ■'>'  A  more  cost  effective 
prospect,  however,  is  that  offered  by  a  small  grain  refining 
addition  of  titanium,  which  is  best  applied  to  continuously  cast 
steels  Fig,  5  illustrates  the  improved  properties  that  can  be 
obtained 

Cost  savings  of  up  to  25'’!  have  been  realised  through  the 
replacement  of  heat  treated  alloy  steels  by  microalloyed  steels 
The  new  steels  are  being  produced  from  continuously  cast 
billet  and  in  .some  cases,  forgings  have  been  manufactured 
directly  from  as-cast  billet,  representing  further  savings 

The  success  of  this  development,  which  has  contributed 
to  the  retention  and  growth  of  traditional  markets  for  steel 
forgings,  has  been  dependent  upon  close  collaboration  between 
the  steelmaker,  forger  and  automobile  manufacturer.  The 
microalloyed  steels  referred  to  in  this  section  are  being 
marketed  by  United  Engineering  Steels,  under  the  trade 
nameofVA.NARO 

HIGH  STRE.N'GTH,  TOUCH  AM)  WKUDABUE  FITTUNGS 
A.NDFUANGES 

As  described  in  an  earlier  paper  at  this  conference,  there  have 
been,  in  recent  years,  significant  developments  in  the 
controlled  rolling  of  plate  for  linepipe,  such  that  much  higher 
strength  levels  are  now  regularly  specified,  e  g  up  to  API  X65 
Until  recently,  this  has  not  been  matched  by  compatible 
developments  in  fittings  manufactured  from  plate,  forgings  or 
rolled  rings  Therefore,  the  fittings  have  been  made  from 
lower  strength  materials  and  consequently  they  are  larger 


and  heavier  than  if  the  strength  was  equivalent  to  that  of  the 
pipe. 

For  many  years,  HYPLUIS  29  has  been  the  standard 
steel  for  "  high  strength”  fittings.  HYPLUS  29  is  a  0.22%  C 
max.,  1.6%  Mn  max.,  0.2%  V  max.  steel,  with  a  minimum  yield 
strength  of  400  .\7mm2  in  sections  up  to  60  mm  and  a 
minimum  Charpy  impact  energy  of  27J  at  -30°C  This  is 
adequate  for  many  applications  but  linepipe  and  fittings  are 
increasingly  required  to  cope  with  greater  demands  in  terms 
of  the  gas/oil  being  carried,  the  pressure  of  operation  and  the 
environmental  conditions.  This  has  necessitated  the 
development  of  an  improved  high  strength  steel  for  pipeline 
fittings.  However,  the  increased  strength  has  to  be  obtained 
together  with  higher  impact  energy  levels  at  increasingly 
lower  test  temperatures  and  with  adequate  weldability  These 
requirements  may  be  summarised  as  follows 
Yield  Strength  >  448  N'/mm^ 

Tensile  Strength  >  530  N7mm2 

Impact  Energy  >  50  J  @  -460 

Section  Size  <  150  mm 

Carbon  Equivalent  <0.45% 

A  new  series  of  low  carbon  microalloyed  steels  has  beer 
developed'fii  to  meet  these  objectives  with  compositions  in  the 
range:  0  10%  C  max.,  1.5%  Mn  max.,  0.015%  P  max.,  0.005%  S 
max.,  0.20%  Mo  max  ,  with  additions  of  Nb  and  V.  Steels 
within  this  composition  range  are  also  being  used  to  meet  the 
BS-224-490  and  LF2  (mod)  specifications. 

The  variation  of  yield  strength  with  carbon  equivalent 
value  in  these  new  CMnMoVN'b  steels  is  shown  in  Fig.  6,  for 
normalised  and  water  quenched  and  tempered  conditions  in  50 
and  150  mm  sections.  This  enables  a  composition  to  be  selected 
for  a  given  application 

The  properties  produced  in  a  large  water  quenched  end 
tempered  36  inch  weld  neck  flange  from  a  production  cast 
made  to  the  new  analysis  are  shown  in  Table  2,  with  the 
specimen  locations  shown  in  Fig.  7  The  end  user  has 
conducted  a  detailed  welding  assessment  on  this  flange  and 
has  obtained  satisfactory  results  with  the  maximum  HAZ 
hardness  of  279  H  V 

Table  2  •  .Mechanical  Properties  of  X65  Flange 
la)  Tensile  Results 


0  2% 

Tensile 

Direction 

Position 

Proof 

Stress 

Strength 

N/mm2 

El 

Rof  A 

Tangential 

AT7 

447 

589 

29 

72 

AT8 

453 

584 

29 

72 

BT7 

454 

591 

28 

70 

BT8 

446 

578 

28 

74 

CT7 

450 

589 

29 

73 

CT8 

442 

576 

29 

74 

Radial 

AH 

473 

607 

26 

68 

ARl 

497 

622 

23 

69 

Axial 

DX4 

444 

585 

23 

55 

DX5 

440 

583 

25 

65 

Tangential 
Weld  .Neck 

D'r9 

571 

680 

24 

74 

Test  Bar 
Uongitudinal 

525 

642 

24 

73 
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(b)  Charpy  Impact  Results 


Direction 

Position 

Imoact  Enere 
at  0°C  J 

Tangential 

ATI 

162 

AT2 

167 

ATS 

161 

AT4 

170 

ATS 

166 

ATS 

202 

BTl 

185 

BT2 

150 

BT3 

162 

BT4 

165 

BT5 

162 

BT6 

172 

CTl 

178 

CT2 

169 

CT3 

186 

CT4 

220 

CT5 

168 

CT6 

204 

Radial 

ARl 

120  118  60 

AR2 

118  too  90 

AR3 

90  65  91 

Axial 

DXl 

112 

DX2 

54 

DX3 

111 

Excellent  toughness  values  were  obtained  in  thellAZof 
welded  fittings  in  the  CMnVNb  steel,  as  shown  in  Table  3 

Table  3  -  Toughness  of  Welded  and  Stress  Relieved  Joint 
in  New  BS-224-490  Microalloyed 
Steel  Forging 


Weld  132 

Fusion  line  122 

Fusion  line  +  1  mm  (plate)  118 

Fusion  line  +  4  mm  (plate)  157 

Fusion  line  +  1  mm  (forging)  271 

Fusion  line  +  4  mm  (forging)  266 

Plate  166 

Forging  264 


Acceptable  results  have  also  been  obtained  in  MIC  tests 
conducted  in  BP  and  NACE  solutions. 

It  is  axiomatic  that  the  lighter,  smaller  section  fittings, 
that  can  be  designed  in  these  higher  strength  steels,  will  also 
assist  in  the  achievement  of  a  good  combination  of  properties 
from  as  lean  a  composition  as  possible.  For  instance,  in  50  mm 
sections,  the  CMnMoVNb  steel  is  capable  of  achieving  X75 
properties,  in  the  water  quenched  and  tempered  condition 

Various  organisations  are  tending  to  devise 
individual  specifications  for  high  strength  fittings.  These 
involve  different  restrictions  on  the  main  alloy  and 
microalloying  additions  These  often  appear  to  be  quite 


arbitrary  and  the  diversity  of  approach  increases  markedly 
the  amount  of  development  and  product  validation  work 
required.  Greater  rationalisation  of  steel  specifications  would 
benefit  both  the  steelmaker  and  end  user  and  facilitate  the 
development  of  steels  for  even  more  demanding  applications. 

There  is  agrowing  requirement  for  the  steelmaker  to 
"guarantee"  acceptable  properties  in  his  product  after  forging, 
heat  treatment,  welding  and  post-weld  stress  relief  There  is, 
therefore,  a  need  for  continuing  collaboration  between 
steelmaker,  forger,  fabricator  and  the  end  user  on  the 
preparation  of  the  most  appropriate  and  relevant 
specifications  for  high  stregth,  tough  and  weldable  steels  such 
that  the  maximum  benefits  can  be  gained  from  these  new 
microalloyed  steels. 

HIGH  STRENGTH  STEEL  STRIP 

The  demand  for  higher  strength  low  alloy  (HSLA)  steel 
strip,  particularly  in  the  automotive  industry,  has  increased 
steadily  over  the  past  two  decades.  Down  gauging  becomes 
possible  (provided  stiffness  is  not  a  limiting  factor),  and  the 
weight  of  components  is  reduced,  leading  to  lighter  vehicles, 
reduced  pay  load  and  improved  fuel  consumption.  In  addition, 
more  stringent  safety  requirements  for  vehicles  may  be  met 
more  economically  by  using  higher  strength  strip.  However,  in 
general,  increasing  strength  leads  to  a  reduction  in 
formability/ductility  and  this  has  put  pressure  on  the  steel 
producer  to  improve  the  formability  of  high  strength  steels. 
Furthermore,  the  increasing  complexity  of  design  of 
components  has  necessitated  tighter  gauge  tolerances  and 
greater  consistency  of  mechanical  properties,  particularly 
yield  strength  to  control  springback.  Springback  control 
together  with  ease  of  weldability  is  required  to  facilitate 
production  or  assembly  of  components  in  fully  automated 
processes. 

The  principal  strengthening  mechanisms  utilised  in  strip 

are: 

■  increasing  carbon  content- this  has  a  very  adverse  effect  on 
formability  and  weldability, 

grain  refinement,  through  microalloying  additions  of 
niobium  or  titanium  and  control  of  soaking  temperature, 
finish  rolling  temperature  and  cooling  rate 

-  solid  solution  strengthening,  by  phosphorus,  nitrogen,  silicon 
or  manganese  -  used  mainly  in  cold  rolled  gauges. 

-  transformation  strengthening  by  the  evolution  of  acicular 
ferrite,  bainite  or  dual  phase  structures 

-  dislocation  strengthe.ning  by  cold  work,  e  g  temper  rolling, 
after  annealing  cold  rolled  strip  Partial  annealing  of  cold 
rolled  strip  to  develop  a  recovered  structure  also  offers  the 
potential  of  reasonable  strength  and  formability 

-precipitation  strengthening  by  vanadium,  titanium  or 
niobium  These  elements  are  every  effective  in  combination 
with  the  control  of  the  rolling  parameters,  in  providing  a 
capability  of  a  wide  range  of  strengths  in  strip  products 

-  'bake  hardening',  by  strain  ageing  of  the  cold  formed  part 
during  the  stove  painting  process  (at  180°C).  A  bake 
hardening  steel  has  the  advantage  of  a  relatively  low  strength 
(<200N/mm2)  in  the  as-received  condition,  only  achieving 
the  desired  strength  in  the  finished  component.  However,  the 
strength  attainable  is  quite  low,  e  g.  < 255  N/mm^ 

The  British  Steel  Corporation  offers  high  strength  steels, 
in  wide  and  narrow  strip  form,  under  the  trade  names  of 
Tenform  and  HYPRESS''^',  respectively  The  properties  of 
these  steels  are  summarised  in  Table  4 
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Table  4  -  Properties  of  BSC  High  Strength  Steel  Strip 


Grade 

Minimum 

Yield 

Minimum 

Tensile 

Minimum 

Elongation 

Strength 

N/mm2 

Strength 

N/mm2 

% 

(50  mm  GL) 

Hot  Rolled 

HYPRESS  20 

300 

400 

28 

HYPRESS23 

350 

430 

25 

HYPRESS  26 

400 

460 

22 

HYPRESS  29 

450 

510 

21 

HYPRESS  35 

550 

600 

17 

HYPRESS  40 

620 

680 

18 

HYPRESS  45 

700 

750 

15 

Mild  Steel  (HS41 

170 

280 

25 

TENFORM  XK300 

300 

400 

26 

TEN  FORM  XK350 

350 

430 

23 

TENFORM  XK400 

400 

460 

20 

TENFORM  XK450 

450 

500 

20 

TENFORM  XK300 

300 

400 

28 

TENFORM  XF350 

350 

430 

25 

TENFORM  XF450 

450 

500 

22 

Cold  Rolled 

HYPRESS  20 

300 

400 

28 

HYPRESS  23 

350 

430 

25 

HYPRESS  26 

400 

460 

22 

HYPRESS  29 

450 

510 

21 

TENFORM  XJ300 

300 

400 

24 

TENFORM  XJ350 

350 

430 

22 

TENFORM  PK255 

255 

360 

28 

TENFORM  PK270 

270 

400 

28 

Formability  is  a  particularly  important  parameter  in 
the  use  of  HSLA  strip  and  the  inclusion  content  of  the  steel 
has  a  major  effect  on  the  cold  forming  properties  This  is 
illustrated  in  Fig  8,  which  shows  the  effect  of  sulphur  content 
on  the  hole  expansion  characteristics.  In  modern  steelmaking 
practices,  sulphur  contents  as  low  as  0  005%  are  achieved 
quite  readily  However,  even  at  this  sulphur  level,  it  may  be 
necessary  to  add  sulphide  globularising  agents,  such  as 
calcium,  in  order  to  reduce  the  adverse  effect  of  elongated 
sulphides  and  maximise  the  formability  of  the  steel 

There  is  currently  interest  in  the  use  of  CMn  steel  strip, 
produced  under  carefully  controlled  rolling,  cooling  and 
coiling  conditions,  for  car  wheel  applications  Typical  yield 
and  tensile  strength  levels  are  360  and  550  N/mm^ 
respectively.  These  steels  offer  superior  fatigue  properties  to 
mild  steel  and,  as  shown  in  Fig  9,  better  formability  than 
equivalent  strength  microalloyed  steel 

HShA  steel  strip  finds  extensive  application  in  motor  cars 
and  trucks  and  examples  include: 

wheels,  bumpers,  brackets,  clutch  and  brake  parts,  seat 
frames  and  slides,  chassis  and  side  frame  members, 
suspension  parts,  roll  over  protection  sections,  door  frames 
and  hinges  and  other  structural  parts 

HSLA  steels  are  also  used  in  the  construction  industry 
for  various  cold  formed  sections  for  buildings,  scaffolding  parts 
and  storage  racks 

The  rephosphorised,  cold  rolled  steels  are  used  for 
bonnets,  boots,  tailgates,  dashboards,  doors,  sills,  floors  and 
underbody  Automotive  manufacturers  would  prefer  to 


produce  many  of  these  components  from  bake  hardening 
steels,  particularly  the  outer  body  parts  where  fidelity  of  form 
is  more  important.  This  is  perceived  to  be  the  major  growth 
opportunity  for  HSLA  steels,  which  will  probably  also  involve 
single  sided  electrozinc  coating  treatment. 

Dual  phase  steels,  which  offer  high  strength  levels  and 
good  stretch  formability  appear  now  to  have  a  fairly  limited 
range  of  practical  applications  in  view  of  their  high  cost. 

Depending  on  design,  gauge  reductions  of  up  to  25%  can 
be  achieved  by  using  high  strength  steels  in  place  of  mild 
steel.  However,  for  many  body  applications,  modulus  is  the 
limiting  design  feature  and  in  these  circumstances,  down 
gauging  must  be  accompanied  by  the  use  of  appropriate 
stiffening  features. 

Component  designers  are  seeking  to  predict  the  life  of 
components  from  a  knowledge  of  the  loading  spectrum  and 
material  properties,  based  on  cyclic  stress/sLrain  and  strain 
controlled  fatigue  data.  There  was  a  concern  that  the  high 
strain  fatigue  resistance  was  inversely  proportional  to 
strength  being  related  to  the  reduction  in  ductility.  Fig. 10 
confirms  that  the  elastic  limit  is  proportional  to  strength 
(O.SxTS)  and  that  the  plastic  fatigue  properties  are  unaffected 
by  strength.  This  should  give  added  impetus  to  the  adoption  of 
higher  strength  steels  for  the  construction  of  cars,  trucks  and 
highway  vehicles. 

HSLA  steel  strip  can  be  adhesively  bonded  or  welded 
readily,  provided  that  the  appropriate  strength  adhesives  or 
consumable  is  used.  Higher  electrode  forces  and  longer  times 
are  required  for  spot  welding.  Excessive  localised  heating 
should  be  avoided  to  prevent  softening  occurring  in  the  H  AZ. 

GASCYLl.VDERS 

High  pressure  gas  containers  are  used  in  diverse 
applications,  ranging  from  heavy  industry,  health  care  to  sub¬ 
aqua  diving.  The  need  to  maintain  high  standards  of  cylinder 
safety  is  paramount  but  there  is  also  a  requirement  for  the 
industrial  gas  companies  to  ensure  high  efficiency,  cost 
effectiveness  and  convenience.  Over  the  past  50  years,  there 
has  been  a  progressive  improvement  in  the  efficiency  of 
seamless,  steel  cylinders,  as  shown  in  Fig.  12'*'.  For  instance, 
a  50  litre  water  capacity  cylinder  that  would  have  weighed 
210  kg  in  1920  now  weighs  only  60  kg.  The  major  changes 
have  been  accomplished  through  the  use  of  more  highly 
alloyed,  higher  strength  steels,  as  shown  in  Table  5. 

Table  5  -  The  Composition,  Heat  Treatment  and  Mechanical 
Properties  of  Seamless  Steel  Oas  Cylinders 
(a)  Chemical  Composition,  Wt  % 


Steel 

C 

Si 

Mn 

P 

S 

Cr 

Low  C 

0.15- 

0.05- 

0  4- 

0  05 

0.05 

0  25 

0  35 

0  9 

max. 

max 

HighC 

0.35 

0.05- 

0  6- 

0  05 

0.05 

0.45 

0  35 

10 

max. 

max 

C  Mn 

0.40 

0  10- 

13- 

0  05 

0.05 

max 

0.35 

1.7 

max. 

max. 

Cr  Mo 

0.37 

0.10- 

0.4- 

0.05 

0.05 

0  8- 

0.15- 

0.50 

max. 

0,35 

0  9 

max. 

max 

1.2 

0.25 

max. 
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(b)  Mechanical  Properties 


Heat 

Yield 

Tensile 

El. 

Steel 

Treatment 

Stress* 

Stress 

% 

N/mm® 

N/mm2 

Low  C 

N  or  N  -t-  T 

250 

430-510 

22 

HighC 

N  or  N  -f  T 

310 

570-680 

19 

C-Mn 

N  or  N  -1-  T 

445 

650-760 

20 

Q  T 

755 

890-1030 

14 

Cr-Mo 

Q  -1-  T 

755 

890-1030 

14 

N  -  normalised 
Q  ■  quenched 
T  -  tempered 
*  -  max.  design  value 
-  min.  actual  value 

Another  way  of  improving  the  efficiency  of  gas  cylinders 
is  to  increase  the  ratio  of  the  stress  (pressure)  in  the  container 
to  the  strength  of  the  material.  Throughout  the  world  there 
exists  a  vast  number  of  specifications,  standards  and 
regulations  for  the  design  and  manufacture  of  seamless 
cylinders  and  for  the  transportation  of  their  contents. 
Recently,  an  international  specification,  ISO  4705,  has  been 
agreed  and  EEC  directives  relating  to  seamless  and  welded 
steel  cylinders  and  seamless  aluminium  cylinders  became 
effective 

Different  design  formulae  are  adopted  in  different 
countries  to  calculate  the  cylinder  wall  thickness  from  the 
operating  or  test  pressure,  yield  strength,  and  cylinder 
diameter.  A  safety  factor  is  also  built  into  these  relationships, 
expressed  as  a  fraction  of  the  yield  strength.  There  is 
considerable  debate  about  the  value  of  this  safety  factor 
Clearly  the  higher  the  factor,  the  thinner  the  wall  hut  the 
lower  the  apparent  safety  margin.  The  cylinder  wall  is  the 
thinnest  region  in  the  vessel  and  hence  the  most  highly- 
stressed.  A  cylinder,  if  it  is  to  burst  (  e  g  in  an  extreme  fire), 
will  normally  rupture  in  the  parallel  portion  However,  high 
stresses  can  be  generated  near  the  knuckle  region,  at  the 
transition  from  the  wall  to  the  concave  base  Recent  advances 
in  the  use  of  finite  element  analysis  techniques  have  led  to  the 
development  of  cylinders  in  which  such  stress  concentrations 
are  minimised 

It  is  anticipated  that  the  trend  to  increased  efficiency 
(i.e  gas  carried  per  unit  weight)  of  cylinders  will  continue. 
This  will  require  even  higher  strength  steel  but  without  risk 
of  catastrophic  failure.  Therefore  such  a  development  will 
entail  a  consideration  of  the  factors  governing  the  safe 
performance  of  gas  containers  -  e  g.  should  a  failure  occur,  it  is 
desirable  that  the  container  should  depressurise  safely  by  a 
leak  rather  than  by  a  burst.  Attention  is  therefore  focused  on 
the  role  of  defects  in  possible  failures.  A  fracture  mechanics 
philosophy  is  being  adopted  to  identify  steel  compositions, 
heat  treatments  and  design  criteria  that  will  provide  the  basis 
for  a  more  efficient  and  safe  gas  container. 

Work  in  the  U.K.,as  partof  a  Government  sponsored 
project'®’,  has  been  addressing  itself  to  this  issue.  Arising 
from  this  project,  it  is  likely  that  recommendations  will  be 
made  to  revise  the  appropriate  British  Standard  (BS  5045) 
to  allow  a  higher  minimum  yield  strength,  together  with  a 
higher  des’gn  stress/yield  stress  ratio.  Compared  with 


BS  5045/1/1982,  these  steps  should  provide  a  very  significant 
increase  in  efficiency. 

One  way  to  increase  the  strength  of  the  heat  treated,  low 
alloy  Cr-Mo  steel  used  for  gas  cylinders  is  to  adopt  a  lower 
tempering  temperature.  However,  this  will  result  in  a 
reduction  in  toughness.  An  alternative  approach  is  to  use  a 
more  highly  alloyed  steel  with  a  better  tempering  resistance, 
such  that  a  higher  strength  can  be  obtained  at  conventional 
tempering  temperatures,  without  loss  of  ductility  and 
toughness.  In  order  to  assess  whether  the  properties  obtained 
by  such  practices  are  acceptable,  prototype  cylinders  were 
produced  initially  in  the  conventional  alloy  steel,  varying  the 
strength  levels  by  adjusting  the  tempering  temperature. 
These  were  subjected  to  a  comprehensive  property  and 
microstructural  evaluation,  which  included  fatigue  and  burst 
tests  with  and  without  the  presence  of  artificial  defects. 
Fracture  toughness  tests  were  also  conducted  and  several 
models  were  formulated  to  predict  the  failure  modes. 

One  of  these  models  considers  the  failure  of  thin  walled 
pressure  vessels  by  both  plastic  instability  and  fracture. 
"Leak  and  Arrest"  occurs  when  the  failure  hoop  stress  is  equal 
to  the  part-through  tensile  instability  stress.  "Leak  and 
Propagate"  occurs  when  the  critical  stress  of  a  through-wall 
crack  is  exceeded  and  propagation  occurs.  "Burst"  occurs  when 
the  critical  fracture  stress  of  a  part-through  crack  is  exceeded 
and  failure  occurs  without  prior  leakage.  It  is  necessary  in 
such  an  analysis  to  apply  a  correction  to  the  hoop  stress  for 
both  part-through  and  through-thickness  defects  due  to 
bulging.  The  relevant  stress  ratios  have  been  computed  for 
different  defect  sizes  (Depth  D  and  Length  L),  expressed  as  a 
proportion  of  the  wall  thickness  (t)  and  the  boundaries 
between  "Burst",  "Leak  and  Arrest"  and  "Leak  and 
Propagate"  behaviour  for  four  strength  levels,  achieved  by 
varying  the  tempering  temperature  of  a  standard  steel,  are 
shown  in  Fig.  12.  It  is  clear  that  only  at  the  highest  strength 
level  examined  in  this  work  are  burst  type  fractures  likely. 
This  was  confirmed  in  the  practical  trials  on  the  test  cylinders. 

The  use  of  microalloy  additions,  such  as  vanadium,  to 
increase  the  strength  has  been  proposed''®*  and  it  was  also 
suggested  that  low  sulphur  contents  and  sulphide 
modification  are  necessary  in  order  to  achieve  acceptable 
toughness  at  tensile  strength  levels  in  excess  of  1030  N'/mm®. 
A  series  of  laboratory  casts  has  been  produced  by  BSC  to 
examine  various  options,  including  higher  molybdenum  and 
silicon  contents  and  a  vanadium  addition.  These  have  been 
processed  to  simulate  gas  cylinder  production  with  the 
intention  of  achieving  a  minimum  yield  strength  of  950 
N7mm2  in  the  quenched  and  tempered  condition.  The  results 
of  tensile  and  impact  tests  on  these  steels  are  given  in  Table  6 


Table  6  -  Properties  of  Alternative  H  igh  Strength  Steels 
for  Gas  Cvlinders 


Steel 

0.2% 

Proof 

Stress 

N/mm® 

Tensile 

Strength 

N/mm2 

Rof  A 
% 

Charnv 

at 

eo^c 

j 

l%Cr  0.2%Mo 
(standard) 

788 

909 

20 

70 

133 

Standard 

851 

951 

18 

68 

104 

l%Cr-0,35%Mo 

996 

1093 

18 

67 

104 

l%Cr-0.2%Mo-0.1%V  965 

1032 

17 

63 

59 

1%  Cr-0.2%  Mo- 1  0%  Si  985 

1095 

20 

63 

51 

48 


Certain  disadvantages  are  noted  with  respect  to  the  vanadium 
treated  steels  and  the  best  strength  -  toughness  relationships 
are  obtained  in  the  Cr-Mo  steels.  Further  trials  are  being 
conducted  on  cylinders  made  from  some  of  these  alternative 
compositions  to  improve  further  the  efficiency  of  gas 
containers,  either  by  increasing  the  pressure  of  the  gas  and/or 
reducing  the  wall  thickness. 

This  development  demonstrates  that  through  the 
co-ordinated  approach  of  designers,  steelmakers  and 
component  manufacturers,  very  significant  advances  can  be 
made  in  material  utilisation,  reduced  costs  and  ease  of  gas 
handling,  through  the  use  of  high  strength  steel. 

SUMMARY 

This  paper  has  highlighted  several  applications  of  high 
strength  steels  where  benefits  have  accrued  through  weight 
and/or  cost  reduction.  These  developments,  most  of  which 
have  involved  microalloying  additions,  have  all  provided  a 
metallurgical  challenge  with  the  need  to  maintain  toughness, 
ductility,  formability  and  weldability  at  an  increased  strength 
level.  Many  of  these  requirements  have  only  been  attainable 
with  the  advent  of  modern  steelmaking  practices  and  the 
production  of  low  sulphur,  clean  steels  with  close  chemistry 
control,  controlled  processing  and  consistent  properties.  The 
new  high  strength  steels  have  provided  economic  benefits, 
ease  of  fabrication,  reduced  operating  costs,  improved  safety- 
standards  and  more  efficient  material  utilisation.  These 
developments  have  also  helped  to  preserve  and  expand  the 
market  for  steel  against  increasing  pressure  from  competing 
materials. 

The  full  potential  of  high  strength  steels  is  only  realisable 
when  there  is  close  collaboration  between  steelmaker, 
component  manufacturer,  fabricator,  designer  and  end  user, 
with  appropriate  design  modification  and  optimisation  . 

Further  development  and  application  of  high  strength 
steels  will  also  depend  to  some  extent  on  continuing  capital 
investment  in  modern  steel  plant,  e  g.  accelerated  cooling  for 
plates,  controlled  rolling  for  bar  products,  continuous 
annealing  for  strip  and  also  controlled  processing  facilities  in 
the  forge. 
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ALLOY  DESIGN  OPTIONS  AND  COMPOSITIONAL 
TRENDS  FOR  HLSA  LINE  PIPE 


J.  Malcolm  Gray 

Microalloying  International,  Inc. 
Houston.  Texas,  USA 


"ABSTRACT" 

Compositional  and  manufacturing  trends  for  high 
strength  linepipe  are  reviewed. 

Current  technology  reflects  the  evolutions  in 
steelmaking,  thermo-mechanical  and  alloy  design 
that  have  occurred  during  the  last  thirty  years. 
All  steels  are  low  in  interstitials,  namely 
nitrogen  and  carbon,  and  have  impressive  reduc¬ 
tions  in  impurities  achieved  through  ladle 
metallurgy.  Inclusion  shape  control  is  widely 
practiced  such  that  the  steels  have  excellent 
notch  toughness  and  resistance  to  H2S  degrad- 
adation. 

Carbon  equivalents  for  the  higher  strength 
grades  such  as  X-80  are  at  very  low  levels  not 
considered  feasible  as  recently  as  ten  years  ago. 
The  resulting  low  HAZ  hardnesses  ensures  high 
resistance  to  hydrogen  assisted  cold  cracking  and 
degradation  by  SSC  mechanisms. 


THE  METALLURGY  OF  LINEPIPE  STEELS  has 
evolved  since  1959  when  microalloyed  (HSLA) 
steels  were  first  introduced  into  the  pipelining 
arena. 

The  incentive  for  adopting  microalloyed 
steels  related  to  their  improved  weldability  when 
compared  with  steels  based  on  traditional  high 
carbon-manganese  formulations.  In  retrospect  the 
steels  were  still  very  crude,  being  semi-killed  and 
having  impurity  levels  of  sulfur  and  phosphorus 
around  0.025  percent  which  were  typical  of  steel¬ 
making  and  refining  technology  at  that  time. 

Nevertheless  the  steels  were  enthusiasti¬ 
cally  received  and  the  momentum  led  to  their 
wiile  widespread  adoption.  In  the  ensuing  thirty 
years  the  steels  have  evolved  from  their  utili- 
uiilitarlan  beginning  to  become  sophisticated 
engineering  materials  that  feature  prominently  in 
the  major  oil  and  gas  arteries  that  span  the 
continents  as  well  as  in  offshore  platforms. 


undersea  pipelines  and  in  other  infrastructure 
related  to  petrocarbon  recovery. 

The  rate  of  development  of  microalloyed 
steels  has  been  stimulated  by  end  user  demands 
for  higher  strengths  but  more  importantly  by  the 
need  to  simultaneously  improve  other  properties 
that  affect  the  integrity  of  the  completed  pipe¬ 
line.  The  focus  on  specific  properties  has 
rotated  with  time  as  different  priorities  emerged 
with  each  major  projects  and  with  escalation  of 
safety  requirements  imposed  by  regulating  bodies. 

End  user  demands  and  influences  are  summa¬ 
rized  in  the  tabulation  below: 

o  Higher  Strengths. 

o  Better  toughness  at  low  temperatures 

(-6OOC). 

o  Improved  weldability  -  Lower  hardnesses  and 
resistance  to  cold  cracking. 

o  Resistance  to  sour  hydrocarbons. 

o  Resistance  to  "frost  heave"  in  permafrost 
conditions. 

o  Improved  ductile  fracture  resistance. 

o  Economic  pressures  leading  to  demand  for 
steel  formulations  and  manufacturing  routes 
that  maintain  the  economics  of  microalloyed 
linepipe. 

This  exacting  environment  produced  a  fertile 
arena  for  applying  microalloying  concepts,  and 
steelmakers  and  pipe  manufacturers  responded  by 
developing  new  technologies  such  as  those  listed 
below: 

o  Better  steelmaking  -  Lower  carbon  and 
nitrogen  contents  and  improved  compositional 
control. 
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o  Advanced  continuous  casting  practices- 
uniform  cooling  and  in  line  (soft)  reduction. 

o  Ladle  metallurgy.  Lower  gas  contents  and 
impurity  levels  and  inclusion  shape  control 
treatments. 

o  Thermomechanical  processing. 

o  Accelerated  cooling  after  rolling. 

o  Improved  seam  welding  technology. 

Linepipe  manufacture  is  the  most  interna¬ 
tionalized  segment  of  the  steel  industry  and  all 
major  producers  with  the  exception  of  those  in 
the  Soviet  Union  are  net  exporters  of  product. 
Naturally  the  rate  of  technology  development  was 
not  uniform  and  in  the  early  1970's  Japanese, 
German,  French  and  Italian  mills  assumed  the 
ascendancy;  all  itimulated  by  heavy  demand  for 
advanced  linepipe  for  Soviet  and  Middle  Eastern 
construction. 

During  this  conference  we  shall  hear  reports 
by  several  manufacturers  who  will  describe  the 
current  state-of-the-art  concerning  linepipe 
manufacture  and  HSLA  metallurgy.  International¬ 
ization  of  the  industry  created  a  very  competi¬ 
tive  market  place  as  the  New  Industrialized 
Countries  (NIC's)  entered  the  picture.  This  and 
the  vast  centralized  purchasing  power  of  the 
Soviet  Union  has  led  to  continuing  cost  pressures 
while  specifications  have  advanced  or  become 
more  sophisticated.  The  need  to  contain  the 
costs  of  new  projects  in  the  Arctic  and  the 
Introduction  of  novel  design  concepts  will 
perpetuate  this  tendency. 

While  there  will  always  be  a  hierarchy 
governing  the  technical  capability  of  producers  it 
is  important  to  note  that  today  international 
standards  and  expectations  are  generally  at  a 
uniformly  high  level.  The  state  of  development 
in  the  NIC's  is  described  in  the  paper  being  pres¬ 
ented  by  Bordignon  at  this  conference.  (1). 

Historically  the  gas  transmission  pipeline 
industry  has  been  based  on  straight-seam  sub¬ 
merged  arc  welded  linepipe  but  considerable 
progress  has  been  made  in  adopting  spiral  seam 
product  and  in  extending  the  ERW  manufacturing 
technique  to  larger  sizes.  (2).  Both  of  these 
products  have  been  used  extensively  in  critical 
applications  in  offshore  lines  and  in  other 
environmentally  sensitive  situations. 

The  organizers  of  this  conference  have  asked 
us  to  prepare  a  review  of  metallurgical  trends 
that  have  prevailed  in  the  pipelining  environment 
described  above,  and  have  further  requested  that 
the  speakers  adopt  a  tutorial  approach  in  the 
presentation  of  their  data. 


METALLURGICAL  DEVELOPMENTS 


The  first  microalloyed  steels  used  in 
pipelines  had  a  yield  strength  of  52  ksi  (363  MPa) 
(X-52)  (1).  Today  the  predominant  strength  levels 
used  for  onshore  pipelines  are  60  to  70  ksi  (420 
to  489  MPa)  (X-60  to  X-70)  with  a  move  to  X-80 
appearing  imminent.  However  existing  technology 
could  probably  accommodate  requests  for  X-100 
linepipe  (3)  if  the  engineering  and  cost  benefits 
can  be  verified  and  fears  of  increased  suscepti¬ 
bility  to  stress  corrosion  cracking  can  be  diffused. 
For  offshore  pipelines  it  is  normal  to  use  X-60  or 
X-65  Grade  linepipe  particularly  if  sour  hydro¬ 
carbons  are  present.  Higher  strengths  and  thin¬ 
ner  walls  increase  negative  buoyancy  which  adds 
to  the  costs  of  installing  the  lines. 

The  demand  for  higher  strengths  and 
simultaneous  improvement  in  toughness  presents  a 
dilemma  for  the  metallurgist  since  these  prop¬ 
erties  normally  related  by  an  inverse  trend. 
However  strengthening  based  on  ferrite  grain 
refinement  satisfies  the  need  to  maintain  tough¬ 
ness  as  strength  increases  and  all  processing 
developments  described  in  the  literature  (4)  are 
related  to  reducing  ferrite  grain  diameter  or 
refining  the  bainite  microstructure  of  the  final 
linepipe  plate. 

Grain  refinement  is  usually  achieved  by 
arranging  the  rolling  of  austenite  such  that  small 
austenite  grains  are  produced  that  have  a  high 
level  of  stored  energy  Sv  resulting  from  low 
temperature  rolling  in  the  "non-recrystallization" 
region.  The  magnitude  of  Sv  is  obtained  from  the 
relationship  : 

Sv  =  Sv  (GB)  +  Sv  (IPD) 

Sv  =  0.429NLR  +  2.571  Nlz  -  Nlj  +  NpB 

Sine  (P 


where  S 
mm2/mm 


total  effective  area  per  unit  vol., 


Sv  (GB)  =  grain  boundary  contribution  to  Sy, 
mm^/mm^ 

Sv  (IPD)  =  intragranular  planar  defect 
contribution  to  Sy,  mm^/mm^ 

^LR>  ‘"^LZ'  ^LT  '  grain  boundary  intercept 
number  per  uni*,  length 

along  rolling,  thickness  and  transverse  directions, 
respectively. 

Ndb  '  number  of  IPD  per  unit  area,  mm/mm^ 

=  angle  between  IPD  and  plate  thickness 
direction 
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The  temperature  of  transformation  to  ferrite 
is  controlled  either  by  alloying  with  manganese, 
nickel,  boron  or  molybdenum  used  singly  or  in 
combination,  or  by  increasing  the  cooling  rate 
with  water  delivery  that  is  applied  via  complex 
water  delivery  systems  that  are  installed  close  to 
the  plate  mill  exit.  Of  the  two  approaches  water 
cooling  results  in  higher  ferrite  nucleation  rates, 
(5)  plus  superior  weldability  and  economics,  and 
this  accounts  for  continued  expansion  in  its  use. 
Figure  1. 


CHEMICAL  COMPOSITIONS 

Typical  chemical  compositions  of  steels  used  today 
for  producing  yield  strengths  of  X-65  to  X-100 
have  been  presented  in  a  recent  paper  (5)  and  it 
is  inappropriate  to  duplicate  all  tabulated  data 
in  that  manuscript  in  the  limited  space  available 
in  these  proceedings.  The  basic  alloy  designs  for 
each  strength  level  generally  fit  into  the 
following  compositional  ranges. 


Copper  and  nickel  may  be  added  at  the  rates 
of  0.30  and  0,15  percent  respectively  when  the 
steels  are  designed  for  sour  service. 

Carbon  Contents  -  Carbon  contents  have 
moved  steadily  downward  and  desirable  levels 
may  be  as  low  as  0.02  to  0.03  percent  for  steels 
based  on  acicular  ferrite  microstructures.  The 
dramatic  changes  since  1975  can  be  judged  by 
comparing  the  compositions  in  Table  I  with  those 
published  in  the  line-  pipe  papers  in  the 
proceedings  of  the  conference  "Microalloying  75". 
For  convenience  that  data  is  summarized  in  Table 
II 
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FIGURE  1.  Effect  of  Interrupted  Accelerated 

Cooling  and  Nickel  Content  on  Grain 
Size  of  Ferrite  Transformed  from 
Deformed  Austenite  (4), 
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TABLE  I 


Typical  Chemical  Compositions 

:  of  Steels 

Used 

for  Manufacture  of 

X-52  to  X-100  Linepipe 

C 

Mn 

S 

P 

1^ 

y 

Mo 

B 

IL 

X-52/60 

0.06/0.14 

0.90/1.30 

<0.010 

0.018 

0.03 

- 

- 

- 

- 

X-65 

0.05/0.11 

1.10/1.50 

<0.005 

0.015 

0.03 

0.04 

- 

- 

0.015 

X-70 

0.04/0.09 

1.30/1.60 

<0.004 

0.015 

0.03 

0.08 

♦ 

* 

0.015 

X-80 

0.02/0.05 

1.50/0.05 

<0.002 

0.010 

0.05 

0.08 

•N- 

0.015 

X-100 

0.02/0.04 

1.60/1.80 

<0.001 

0.010 

0.05 

0.08 

0.15/0.30 

*■ 

♦Optional 


TABLE  11 

Summary  of  Chemical  Compositions  of  X-52  to  X-100  Steels  used  for 
Manufacture  of  Linepipe.  Circa  1974/75. 


i  Company 

Grade  Thickness  j  Carbon  ^  Manganese 

Silicon  '  Columbium 

Vanadium 

Molybdenum:  Nickel 

Chromium 

Australian  iron 
&  Steel 

^ 

X65  10.2  mm  ;0.17%  \  1.30% 

0.25%  1  0.045% 

1 

1 

L-J: _ 

,  Usinor 

X65  16  mm  0.12%  |  1.45% 

0.30%  !  0.045% 

0.22% 

:  IPSCO 

X70  11.9  mm  0.045%;  1.89% 

0.10%  1  0.077% 

i  0.25% 

- 

U.S.  Steel  Corp. 
Research 

X65 

12.7  mm  |  0.07%  1  1.40% 

T~ 

0.25%  i  0.035% 

; 

!  0.30%  1  - 

Kawasaki  Steel 

1 

X70 

25  mm*  0.06% 
i  0.07% 

1  0.05% 

1.70% 

1.80% 

1B0% 

0.25%  ,  0.04% 

0.25%  1  0.055% 

0.25%  i  0.06% 

0.03% 

“ 

“ 

—  j  0.30%’  -  1 

-  0.20%  : 
0.10%  1  -  !  - 

i  Nippon  Kokan  K.K. 

X70 

19  mm  j  0.08% 

1.50% 

0.30%  :  0.035% 

0.10% 

-  !  -  1  - 

Hoesch-Eitel 

X65 

15.1  mm  ;  0.13% 

1.62% 

0.26%  0.039% 

0.053% 

!  -  i  - 

Nippon  Steel 

X70 

X70 

X70  Q&T 

19  mm  0.10% 

20  mm  '  0.08% 

15  mm  >0.10% 

1.40% 

1.75% 

1.30% 

0.25% 

0.11% 

0.30% 

0  045% 
0.047% 
0.03% 

0.10% 

- 

1  0.30%’ 

0.25%  0.20%: 

1  0,45%l 

Sumitomo  Metal 
Industries 

X65  '  19  mm  1  0.09% 

1.39% 

0-33% 

n  i 

0.018%  '  0.08% 

;  I 

Italsider 

X60/65 

X60/70 

X70 

15  mm*0.14% 

15  mm*  0.13% 

30  mm •[  0.06% 

1.50% 

1.50% 

1.65% 

0.30% 

0.30% 

0.35% 

0.04% 

0.035% 

0.05% 

0.07% 

0.35%  0.30%' 

USSR  Research 

X65 

Normalised 

40  mm*jo.15% 

1.30% 

— 

0  23% 

_ 

0.13%t 

-  i- 

_ 

•maximum  thickness 
tplus  0.028%  nitrogen 


SULFUR  AND  PHOSPHORUS  -  The  trend  in  guaranteed 
sulfur  and  phosphorus  contents  during  tiie  past 
fifteen  years  Is  shown  in  Figure  2  (7.8). 

The  pressure  to  reduce  sulfur  contents 
first  emerged  in  the  early  1970's  in  connection 
with  the  need  to  Improve  ductile  fracture  arrest 
capability.  Later  demands  for  improved  HIC 
(stepwise  cracking  resistance)  reinforced  this 
trend. 


Today  huge  quantities  of  linepipe  steel, 
totalling  over  10  million  tons/yr  are  produced 
with  sulfur  levels  of  0.005  percent  and  below.  To 
put  this  development  into  perspective  it  should  be 
recalled  that  as  recently  as  10  years  ago  contents 
of  twice  these  levels  were  not  available  on  a 
uniform  basis  and  even  then  they  often  attracted 
severe  cost  premiums  when  mandated  by 
specifications. 
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Phosphorus  Increases  activity  of  carbon  and 
increases  the  hardening  tendency  in  carbon 
segregated  regions  of  continuously  cast  slabs. 
Thus,  lower  phosphorus  levels  are  useful  for 
educing  the  tendency  for  link-up  of  HIC  cracks 
by  stress  assisted  SSCC  mechanism  and  it  is  usual 
to  limit  maximum  contents  to  0.008  to  0.010 
maximum  for  sour  service  linepipe.  These  levels 
require  application  of  hot  metal  dephosphorizatlon 
treatments  to  reduce  contents  from  the  0.015  to 
0.018  percent  maximum  levels  that  are  represent¬ 
ative  of  todays  iron  ore  sources  and  steelmaking 
technology. 

NITROGEN  -  Nitrogen  is  very  harmful  to 
Charpy  and  BDVv'TT  transition  temperatures  in¬ 
creasing  both  at  the  rate  of  SS^F/O.OOIN  (9). 

It  also  detracts  from  attainment  of  high  HAZ 
toughness  levels  and  it  increases  the  likelihood  of 
sub-surface  cracking  during  continuous  casting. 
For  these  reasons  optimum  nitrogen  levels  have 
moved  down  to  0.003  to  0.004  percent  during  the 
past  five  years.  At  these  concentrations 
supplemental  treatment  with  0.010  to  0.015 
percent  titanium  which  acts  as  a  scavenger 
reduces  "free"  nitrogen  to  innocuous  levels 
thereby  reducing  risk  of  HAZ  degradation  during 
welding  and  ensuring  maximum  toughness  at  low 
operating  temperatures. 

Attainment  of  these  desirable  nitrogen  leveis 
is  far  from  universal  amongst  different  steel¬ 
makers  and  problems  still  may  be  encountered 
particularly  when  Electric  Arc  Furnace  steel¬ 
making  is  combined  with  deep  desulfurization  and 
poor  stream  protection  during  casting. 
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FIGURE  2.  Trend  of  warranted  sulfur  and 

phosphorus  level  converter  steels 
melted  In  Japan  (7.8) 


INCLUSION  SHAPE  CONTROL  -  Metallurgists 
have  known  for  some  time  that  globuiarization  of 
inclusions  is  as  important  as  desulfurization  in 
improving  Charpy  V-notch  shelf  energy  and 
reducing  stepwise  cracking.  (Hyrogen  Induced 
Cracking  (HIC)  in  sour  environments.)  For  this 
reason  inclusion  shape  control  with  zirconium  rare 
earths  or  calcium  were  Introduced  on  a  broad 
basis  in  the  1972  to  1977  period.  Most  high 
toughness  pipe  used  to  guard  against  ductile 
fracture  propagation  was  produced  by  these 
means. 

Rare  earths  tend  to  produce  sub-surface 
oxysulfide  stringers  in  ingot  casting  and  result  in 
nozzle  blockage  during  continuous  casting  and 
zirconium  suffers  from  other  disadvantages.  For 
this  reason  ladle  metallurgy  techniques  have  been 
perfected  to  reduce  sulfur  to  very  low  levels  and 
to  allow  optimized  treatment  with  calcium  which 
has  emerged  as  the  preferred  globularizer. 
Typical  ranges  for  residual  calcium  are  in  the  15 
to  50  ppm  range  since  high  levels  lead  to  renewed 
risk  of  problems  caused  by  inclusion  stringers  and 
they  may  affect  arc  stability  when  field  welding 
with  the  GMAW  process. 

WELDABILITY  -  The  Microalloyed  steels  that 
first  entered  the  linepipe  market  had  carbon 
equivalents  of  0.50  percent  and  above  (10).  This 
is  considered  a  relatively  high  level  today  but  in 
1959  the  steels  were  hailed  for  their  superior 
weldability  and  resistance  to  hydrogen  assisted 
cold  cracking  (11)  compared  with  the  simple 
carbon-manganese  steels  that  they  replaced. 

Further  improvements  in  steelmaking  and 
alloy  design  have  led  to  a  steady  decline  In 
carbon  contents  as  described  earlier.  For  the 
X-70/80  Grades  the  microalloying  strengthening 
processes  will  not  operate  efficiently  at  high 
carbon  and  nitrogen  levels  due  to  the  effect  of 
these  interstitials  in  reducing  solubility  of 
carbonitrides.  Therefore  X-70/80  steels  have 
carbon  contents  that  do  not  purely  reflect 
concerns  for  field  weldability  and  one  can  argue 
that  their  field  performance  may  often  be 
superior  to  lower  strength  steels  when  all  other 
factors  are  equal. 

The  trend  toward  improved  weldability  as  a 
function  of  time  and  the  simultaneous  escalation 
of  strength  level  are  shown  in  Figure  3.  The 
carbon  contents  and  carbon  equivalents  are 
superimposed  on  the  cracking  risk  diagram 
developed  by  Granville  (12). 

Most  advanced  linepipe  steel  manufactured 
today  has  low  nitrogen  contents  and  is  alloyed 
with  0.010/0. 315  percent  titanium.  The  resulting 
low  free  nitrogen  content  reduces  the  risk  of 
hydrogen  assisted  delayed  cracking  and  further¬ 
more  greatly  improves  HAZ  toughness  values. 
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6.  Proceedings,  Microalloying  75  Conference, 
October  1-3,  1975,  Washington,  D.C., 

Copyright  Union  Carbide  Corporation,  1977. 
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FIGURE  3.  Path  of  Linepipe  Development  with 
respect  to  Graville's  (12)  Hydrogen 
Assisted  Cracking  Diagram, 


CONCLUSION  -  Todays  linepipe  steels  reflect 
thirty  years  of  evolution  during  which  period 
strength  and  toughness  requirements  have  been 
increased.  The  trend  in  mechanical  properties  has 
been  matched  by  improvements  in  steelmaking, 
ladle  metallurgy,  continuous  casting  and  rolling. 
Second  generation  alloying  approaches  based  on 
low  carbon  aclcular  ferrite  and  availability  of 
accelerated  cooling  devices  support  the  trend 
toward  X-80  or  even  X-100  strength  levels  while 
maintaining  the  excellent  weldability  for  which 
microalloyed  steels  are  noted. 

For  sour  service  applications  degradation  by 
SSCC  mechanisms  limits  useful  yield  strengths  to 
the  X-60/70  strength  level  but  low  carbon  micro- 
alloying  designs  teamed  with  excellent  impurity 
control  result  in  sophisticated  products  that  are 
highly  resistant  to  H2S  attack. 
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EXPERIENCE  IN  SUPPLY  OF  ARCTIC 
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MANNESMANN  HAS  A  LONG  TRADITION  of 
cooperative  work  with  Russia  in  the 
field  of  pipelines.  This  is  best 
documented  by  the  fact  that  Siemens 
constructed  a  pipeline  from  Mannesmann 
pipes  for  the  Caucasian  copper  mine 
works  as  early  as  1889.  In  1897 
seamless  pipes  of  8"  diameter  were 
supplied  to  Russia.  They  were  threaded 
pipes  and  were  used  in  the  construction 
of  an  oil  transmission  pipeline  of  over 
850  km  length.  The  pipes  were  joined 
together  using  couplings.  The 
components  were  furnished  by  the  works 
at  Komotau  and  Rath.  The  pipeline 
between  Baku  and  Batumi  (Figure  1)  has 
been  in  operation  since  1906. 


Figure  1 


This  speaks  well  for  the  quality 
of  pipes  from  Mannesmann.  It  is  of 
course  also  a  proof  of  the  careful 
laying  operations  and  the  subsequent 
maintenance  of  the  pipeline. 

The  trade  in  pipes  resumed  after 
World  War  II.  About  200,  000  tonnes  of 
pipes  were  supplied  in  1962  before  the 
business  was  practically  brought  to  a 
standstill  by  the  embargo  in  1963. 

The  present  paper  only  refers  to 
the  time  period  from  1970  till  now. 
Moreover,  it  is  only  concerned  with  the 
large  diameter  line  pipe  for  the 
transportation  of  sweet  gas. 

Figure  2  shows  the  length  of  pipe 
in  kilometers  supplied  every  year 
during  the  period  1970  to  1987. 


Figure  2 


67 


4 


The  yearly  supplies  varied  between 
750  km  and  1500  km  and  the  total  length 
of  the  pipe  supplied  over  the  entire 
period  is  20, 000  km.  Pipes  with  a 
diameter  of  56"  constituted  a  major 
portion  of  these  supplies.  The  pipes 
were  intended  for  use  at  an  operating 
pressure  of  75  bar.  From  1980  onwards 
pipes  have  also  been  specified  for  an 
operating  pressure  of  100  bar.  In  the 
course  of  these  17  years,  the  line  pipe 
specifications  and  also  the  production 
methods  have  been  improved  as  the 
state-of-the  art  in  technology  has 
advanced.  For  example,  the  wall 
thickness  of  56"  diameter  pipes  has 
been  reduced  over  the  years  from  17  mm 
through  15.  7  mm  to  14.  5  mm,  making  use 
of  the  increase  in  minimum  tensile 
strength  values  of  the  line  pipe  steels 
and  the  lowest  design  factors. 

REQUIREMENTS  FOR  LINE  PIPE  WITH  A 
DIAMETER  OF  56"  (1420  MM) 

Pipes  made  from  conventionally 
rolled  and  normalized  plates  were  only 
supplied  during  the  years  1970  to  1974, 
as  shown  in  Figure  3. 
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Figure  3 

This  was  mainly  due  to  high  costs 
associated  with  thermomechanical 
processing  of  steel  plate  with 
thicknesses  2.  5  mm  as  a  result  of 

reduced  rolling  mill  efficiencies 
(efficiency  reductions  up  to  60  %), 

compared  to  conventional  rolling.  From 


1975  onwards,  thermomechanically 

processed  plates  have  been  used  for 
pipes  with  thinner  walls  in  addition  to 
conventionally  rolled  and  normalized 
steel  plates  for  pipes  with  wall 
thicknesses  19.  5  mm.  From  197  6 

onwards,  the  plates  have  only  been 
produced  by  thermomechanical  rolling, 
irrespective  of  the  plate  thickness. 
Since  1986  accelerated  cooling  has  also 
been  incorporated  into  the  process  of 
plate  manufacture,  whenever  needed. 

During  the  same  period,  the 
requirements  of  the  Russian 

specifications  have  also  been  altered. 
The  specified  minimum  yield  strength 
has  been  increased  from  412  N/mm^ 
through  461  N/mm^'  (X  67)  to  510  N/mm=. 
The  carbon  content  of  the  steel  has 
been  reduced  from  0.  20  %  through  0.  12  % 
maximum  to  0.  09  %  maximum.  The  carbon 
equivalent  as  determined  by  the  IIW 
formula  has  also  been  reduced  from  0.  50 
to  0.  44  maximum  (Figures  3  and  4). 
Figure  3  shows  further  that  manganese 
levels  up  to  2.  0  %  will  be  accepted 

nowadays.  The  maximum  allowable  sulphur 
contents  have  been  lowered  from  0. 025  % 
to  0.  008  %. 

The  concept  of  moving  over  towards 
higher  operating  pressures  has  often 
been  discussed  since  1980,  but  has  not 
yet  been  materialized  on  a  large  scale. 

The  toughness  and  transition 
temperature  requirements  are  also 
contained  in  Figure  4. 
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STEEL  DEVELOPMENTS 

There  was  no  scope  to  improve  the 
strength  levels  of  normalized  steels 
beyond  X  60.  The  reasons  for  this  were 
the  requirement  for  improved  field 
weldability  and  the  desire  for 
increased  toughness  levels.  This 
restricted  the  increase  in  the  amount 
of  alloying  elements  which  would  have 
been  necessary  to  raise  the  mechanical 
strength.  No  additional  improvement  was 
possible  in  this  field  until  a  new 
rolling  process  known  as  thermo¬ 
mechanical  treatment  (TMT)  was 
introduced  on  a  commercial  scale. 

Figure  5  shows  the  developments 
that  have  taken  place  in  line  pipe 
steels,  starting  from  the  X  60 
normalized  steel,  as  supplied  in  the 
early  1970' s. 


Figure  5 

The  chemical  composition  of  this 
steel  was  about  0.  2  %  C,  1.  55  %  Mn, 

0.  12  %  V,  0.  03  %  Nb  and  0.  02  %  N. 

The  thermomechanically  processed 
X  67  steel  mentioned  in  the  figure  was 
microalloyed  and  contained  only  just 
0.  12  %  C. 

Thermomechanical  rolling  resulted 
in  a  significant  reduction  of  the 
ferrite  grain  size.  Grain  refinement  is 
the  only  method  by  which  both  strength 
and  toughness  can  simultaneously  be 
improved. 

The  loss  of  strength  resulting 
from  reduced  pearlite  contents  could  be 
offset  by  precipitation  strengthening 


and  dislocation  strengthening. 

Reduction  of  pearlite  content, 
grain  refining,  dislocation  hardening 
and  precipitation  hardening  had 
contributed  in  combination  to  the 
development  of  X  67  steel  with  improved 
weldability  and  favourable  transition 
temperatures. 

Further  increases  in  strength  and 
toughness,  which  led  to  the  development 
of  X  80  steel,  could  only  be  attained 
by  altering  the  steel  matrix  from 
ferrite-pearlite  to  ferrite-bainite 
microstructure.  In  comparison  with  the 
thermomechanically  rolled  X  67  steel, 
the  X  80  steel  has  a  reduced  carbon 
content,  reduced  grain  size  and  an 
increased  dislocation  density.  These 
two  steel  grades  also  differ  in  their 
precipitation  characteristics. 

Figure  6  shows  the  actual  changes 
that  these  developments  have  brought 
about  in  individual  steel  grades,  for 
example,  in  the  yield  strength, 
transition  temperature,  impact  energy, 
carbon  content  and  carbon  equivalent. 


PROPERTIES  OF  LARGE  -  DIAMETER  PIPE  FOR  USSR 
1970  -  1987 


Figure  6 

A  comparison  of  the  conventionally 
rolled  and  normalized  X  60  steel  with 
the  thermomechanically  processed  and 
accelerated  cooled  X  80  steel  shows 
that  the  yield  strength  has  been 
improved  by  more  than  120  N/mm^.  At  the 
same  time,  the  low  impact  energy  values 
of  about  50  J  of  the  X  60  steel  have 
been  raised  to  greater  than  120  J  for 
the  X  67  steel  and  approx.  210  J  for 
the  X  80  steel.  The  DWTT  transition 
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temperature  (85  %  shear  area),  which  is 
a  major  criterion  for  pipeline  safety, 
is  below  -  30  ■  C  for  the  X  80  steel. 
The  field  weldability  is  also  an 
important  property  in  the  context  of 
line  pipe  steels.  One  of  the  most 
governing  factors  on  field  weldability 
is  the  carbon  content  of  the  steel.  It 
has  been  reduced  from  0.  2  %  for  the 

X  60  steel  to  0.  07  %  for  the  X  80 
steel.  The  carbon  equivalent  of  the 
thermomechanically  processed  and 
accelerated  cooled  X  80  steel  is  almost 
the  same  as  that  of  the  thermo¬ 
mechanically  processed  X  67  steel, 
whose  field  weldability  has  already 
been  proved  by  a  large  number  of 
existing  pipelines. 

The  developments  in  line  pipe 
steels  can  be  better  illustrated  by 
considering  the  improvements  achieved 
in  the  microstructure.  Figure  7  shows 
typical  microstructures  of  the  three 
types  of  line  pipe  steels  discussed. 


TYPICAL  MICROSTRUCTURES  OF  NORMALIZED. 
TM- TREATED  AND  MACOS -STEELS 


Figure  7 

Banded  ferrite  and  pearlite  and 
coarse  ferrite  grain  size  (ASTM  7-8) 
are  the  characteristic  features  of 
conventionally  rolled  and  normalized 
X  60  steels.  The  microstructure  of  X  67 
steels  is  more  uniform  and  the  ferrite 
grains  are  finer  (ASTM  10  -  11).  The 
most  uniform  and  extremely  fine 
microstructure  is  attained  by 
accelerated  cooling  that  follows 
thermomechanical  rolling,  as  shown  for 
the  X  80  steel.  The  improved  properties 
of  this  steel  are  to  be  attributed  to 


its  ferritic-bainitic  microstructure. 

Grain  refinement  and  increased 
dislocation  density  attained  by 
accelerated  cooling  as  well  as  modified 
recrystallization  and  precipitation 
characteristics  attained  by  a  combined 
addition  of  niobium  and  titanium  at 
reduced  nitrogen  levels  are  the  basic 
principles  involved  in  the  development 
of  line  pipe  steels. 

Figure  8  gives  an  idea  of  the 
actual  grain  size  distribution  in 
ferrite  and  bainite  /!/. 


BAINITE  FERRITE 


Gram  Sire  d  Cpm] 


grain  sizes  in  ferrite  and  lath  type  bainite 


Figure  8 

The  measurement  of  bainite  grain 
size  is  only  possible  in  the  electron 
microscope.  Dar)L  field  technique  was 
used,  since  only  by  this  technique  is  a 
distinction  between  low  and  high  angle 
grain  boundaries  possible.  The  average 
and  the  smallest  grain  diameters  of 
ferrite  in  thermomechanically  treated 
steels  are  5  urn  and  2  (im  respectively. 
In  contrast,  the  average  grain  diameter 
in  bainite  is  <  1  ixm  and  individual 

bainite  laths  with  widths  as  low  as 
0.  2  (im  are  found.  The  logarithmic 
values  of  grain  sizes  both  in  ferrite 
and  bainite  exhibit  normal 

distributions. 

Bainite  has  normally  a  higher 
dislocation  density  than  ferrite. 
Measurement  of  dislocation  densities 
requires  extensive  experimental  work. 
It  includes  the  measurement  of  specimen 
thickness  at  each  area  of  dislocation 
density  measurement.  Then  a  set  of  high 
magnification  micrographs  are  to  be 
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taken  from  the  same  specimen  area. 
Convergent  beam  diffraction  technique 
is  preferentially  used  to  measure  the 
specimen  thickness,  since  this 
technique,  among  other  things,  enables 
one  to  make  the  most  accurate 
measurements.  The  micrographs  are 
subsequently  analyzed  by  superimposing 
grids  over  them  and  counting  the  number 
of  intersections  between  the  grid  lines 
and  dislocations.  These  counts  in 
conjunction  with  the  specimen  thickness 
measurements  are  then  used  to  calculate 
the  dislocation  densities.  Figure  9 
shows,  as  an  example,  the  results  of 
two  series  of  dislocation  density 
measurements  /!/. 


FERRITE  BAINITE 


e  >  >  3 


DISLOCATION  DENSITIES  IN  FERRITE  AND 
LATH  TYPE  BAINITE 


Figure  9 

The  ferritic  specimen  was 
thermomechanically  rolled  at  a  finish 
rolling  temperature  just  above  the  Ara 
temperature,  which  is  responsible  for 
the  low  dislocation  density  (3.7  x  10® 
cm  -^)  measured  here.  Markedly  higher 
dislocation  densities  can  also  be 
obtained  in  ferrite  if  the  finish 
rolling  is  carried  out  in  the  two  phase 
region  close  to  the  Ari temperature.  The 
dislocation  density  of  the  bainitic 
specimen  is  16. 9  x  10®  cm-®  and  is  also 
low,  compared  to  the  values  normally 
found  with  bainitic  structures.  The 
lower  dislocation  density  of  the 
bainitic  specimen  here  is  to  be 
attributed  to  a  relatively  low  finish 
rolling  temperature.  Significantly 
higher  dislocation  densities  have 
indeed  been  measured  in  other  bainitic 


samples. 

Grain  size  and  dislocation  density 
measurements  were  made  as  in  the  case 
of  Figures  8  and  9,  in  order  to  derive 
the  vectors  of  Figure  5. 

DEVELOPMENT  OF  THE  MNNBTI  STEEL 

In  the  course  of  the  development 
work,  a  large  number  of  laboratory 
casts  with  varying  chemical 

compositions  were  tested,  which 
exhibited  excellent  property 

combinations  even  in  the  accelerated 
cooled  condition. 

Addition  of  0.  02  %  titanium  to  a 
niobium  microalloyed  C-Mn  steel  with 
about  0.  1  %  C,  1.  5  %  Mn  and  0.03  %  Nb 
results  in  an  enhanced  grain 
refinement.  The  mechanism  of  grain 
refinement  through  titanium  additions 
will  be  discussed  later  in  some  detail. 
The  grain  refinement  coupled  with  a 
reduced  carbon  content  of  0.  08  % 

results  in  significantly  higher 
toughness  but  slightly  lower  strength 
(Figure  10). 


Figure  10 

Accelerated  cooling  of  the  plate 
after  thermomechanical  rolling  leads  to 
an  increase  in  the  strength  by  50  N/mm® 
to  70  N/mm®  without  any  detriment  to 
the  toughness. 

The  effect  of  microalloying 
elements  on  the  mechanical  and 
technological  properties  of  thermo¬ 
mechanically  processed  line  pipe  steels 
is  governed  by  the  reactions  of  these 
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element's  with  carbon  and  nitrogen. 
Therefore,  knowledge  of  these  reactions 
will  greatly  assist  in  achieving  the 
specific  targets  set  in  the  development 
of  materials.  The  prerequisite  for  the 
successful  use  of  niobium  and  titanium 
was  the  availability  of  tonnage 
processes  for  producing  steels  with  low 
nitrogen  levels. 

Energy-dispersive  X-ray  micro¬ 
analysis  and  measurement  of  lattice 
constants  were  carried  out  in  order  to 
determine  the  compositions  of 
carbonitrides  precipitated  in  the 
steels  which  had  been  microalloyed  with 
niobium  and  titanium  in  various 
concentrations. 

In  the  MnNb  steels,  a  major 
fraction  of  the  niobium  reacts  with 
nitrogen  in  the  upper  austenite  region 
and  gets  tied  up.  Only  a  minor  fraction 
of  the  niobium  remains  in  solution  that 
is  free  to  form  Nb  (C,  N)  in  the  lower 
austenite  or  ferrite  region  to  cause 
precipitation  hardening. 

In  the  MnNbTi  steels,  one  takes 
advantage  of  the  high  affinity  of 

titanium  to  nitrogen.  At  titanium-to- 
nitrogen  ratios  higher  than  the 

stoichiometric  ratio,  nearly  all  of  the 
nitrogen  combines  with  titanium  at  high 
temperatures  to  form  nitrides  or 
carbonitrides.  These  precipitates 
contain  very  little  niobium  or  no 
niobium  at  all.  The  carbonitride 

precipitates,  which  are  rich  in 
nitrogen,  inhibit  grain  growth  in  the 
upper  austenite  region.  Practically, 
all  of  the  niobium  remains  in  solution. 
It  lowers  the  recrystallization 
temperature  and  thereby  leads  to  a 
smaller  austenite  grain  size.  Moreover, 
it  is  free  to  form  carbon-rich 

carbonitrides  at  lower  temperatures. 
The  free  niobium  gives  rise  to  the 
formation  of  fine  precipitates  in  the 
lower  austenite  region  and  to  an 
intensive  hardening  through  coherent 
precipitation  in  the  ferrite. 

These  microstructural  changes  are 
better  understood  by  the  results  of 
electron  microscopic  investigations  on 
the  precipitates.  Figure  11  shows,  by 
way  of  an  example,  the  results  of 
energy-dispersive  X-ray  microanalyses 
of  carbonitride  precipitates  in  the 
MnNbTi  steel  /2/. 


1 

wt. 

at.  °/o 

nTI 

Ti 

16.6 

83,4  , 

9,3 

90.7 

n 

Wt.-O/O' 

1  at,-°/o 

■O 

2  1- 

96.7  ' 
33 

93.8 

1  6.2 

eox  -  ANALYSIS  OF  CARBONITRIDES  IN 
MnNbTi -STEEL  ITM-TREATED) 


Figure  11 

The  spectrum  given  in  the  upper 
half  of  the  figure  shows  the 
concentrations  of  metallic  components 
in  the  cube-shaped  carbonitride 
particles  and  reveals  that  they  consist 
mainly  of  titanium,  together  with  a 
small  proportion  of  niobium.  The  lower 
half  of  the  figure  shows  the  metal 
content  in  rounded  particles  and 
suggests  that  they  are  composed  almost 
wholly  of  niobium. 

The  chemical  compositions  of  the 
non-coherent  particles  were  determined 
by  coupling  the  results  of  extensive 
microanalyses  with  the  information 
obtained  from  the  corresponding 
diffraction  patterns. 

Figure  12  shows  the  distribution 
of  the  lattice  parameters  of 
carbonitride  particles  found  in  a  MnNb 
steel  /2/.  The  data  presented  in  the 
figure  reveal  that  the  precipitates  are 
mainly  NbN.  The  small  fraction  of 
titanium  carbonitrides  found  is  to  be 
ascribed  to  the  presence  of  titanium  as 
a  residual  element  in  the  steel.  These 
carbonitrides  are  practically  always 
present  in  steels,  even  when  they  are 
not  alloyed  with  titanium. 
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FBEQUENCY  DISTRIBUTION  OF  LATTICE  CONSTANTS  OF  CABBONI TRIBES 
iMrNbT.  STEEL  TM-  TREATED 


Figure  13 


With  conventional  manganese 

contents  of  about  1.5  %  it  is  possible 
to  attain  tensile  strengths  _>  600  N/mm^ 
through  thermomechanical  rolling. 
Accelerated  cooling  following  the 
thermomechanical  rolling  results  in  an 
increase  of  the  tensile  strength  to  >_ 
650  H/mm^  at  manganese  levels  >  1.6%. 

In  order  to  attain  tensile  strengths 
700  N/mm^,  manganese  levels  in  excess 
of  1.8  %  are  needed  and  the 

thermomechanical  rolling  should  be 
followed  by  accelerated  cooling.  The 
increased  manganese  contents  have 
practically  no  adverse  effect  on  the 
toughness  of  the  MnNbTi  steels.  These 
results  also  show  that  the  fine-grained 
bainitic  microstructure  obtained 

through  thermomechanical  rolling  plus 
accelerated  cooling  results  in  more 
attractive  properties  than  the  ferrite- 
pearlite  microstructures  obtained 
through  thermomechaniral  rolling 

involving  work  hardening  of  the 
ferrite. 


EFFECT  OF  ACCELERATED  COOLING  AFTER 
THERMOMECHANICAL  ROLLING 

Figure  15  illustrates  that  steels 
with  strength  levels  up  to  X  100  can  be 
produced  economically  through 
accelerated  cooling  of  the  plate 
following  thermomechanical  rolling  /3/. 


only  marginally.  Additional  alloying 
with  molybdenum  enables  strength  levels 
as  high  as  X  100  to  be  achieved,  along 
with  high  toughness. 

The  nomogram  in  Figure  16  shows 
the  influence  of  important  processing 
variables  on  the  mechanical  properties 
of  Mannesmann  Cooled  Steels  (MACOS) 
/3/. 
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INFLUENCE  OF  ROLLING  AND  COOLING  PARAMETERS  ON  THE 
mechanical  properties  of  a  MnNbTi  steel 


Figure  15 

The  cooling  system  is  used  to 
advantage,  especially,  in  the 
production  of  very  high  strength  steels 
with  high  toughness  and  good 
weldability.  The  starting  point  for  the 
steels  having  improved  strength  is  the 
optimized  thermomechanically  rolled 
X  70  (X  67)  MnNb  steel  with  Charpy  V- 
notch  impact  energy  values  of  about 
100  J  at  -20  ■  C.  The  MnNb  steel  is  used 
nowadays  for  plates  up  to  20  mm 
thic)cness.  If  a  MnNbTi  steel  is  used  in 
conjunction  with  accelerated  cooling, 
the  same  strength  level  is  obtained  but 
with  improved  Charpy  V-notch  impact 
energies  of  about  200  J.  Increase  of 
strength  up  to  X  80  is  possible  with 
MnNbTi  steels  if  the  manganese  content 
is  raised  to  1.  7  %  to  1.  9  %.  If  these 
steels  are  subjected  to  accelerated 
cooling  after  thermomechanical  rolling 
toughness  values  greater  than  200  J  can 
be  achieved  even  at  this  high  strength 
level. 

To  produce  a  GRS  550  steel  plate, 
which  has  a  higher  tensile  strength 
than  X  80  steel,  it  is  necessary  to 
raise  the  carbon  and  manganese  levels 


Figure  16 

The  results  were  obtained  on  a 
MnNbTi  steel  containing  0.  09  %  C, 

1.94  %  Mn,  0.056  %  Nb,  0.021  %  Ti  and 
0.  0038  %  N.  The  values  of  the  four 
parameters  used  in  the  development  of 
the  nomogram  are  shown  by  arrows  in  the 
figure.  They  are:  slab  reheating 

temperature  =  1200  ’  C,  final  reduction 

ratio  =  4,  plate  thickness  =  15  mm  and 
cooling  stop  reinperature  =  470  ‘  C. 

In  this  study,  the  slab  reheating 
temperature  was  varied  between  1000  'C 
and  1250  ’  C.  The  nomogram  shows  that 
the  yield  strength  increases  with 
increasing  slab  reheating  temperature, 
over  the  entire  temperature  range 
studied.  The  tensile  strength,  which  is 
not  expressly  shown  here  for  the  sake 
of  clarity,  also  increases  in  a  similar 
way.  The  DWTT  transition  temperature 
remains  constant  at  about  -65  ’C  up  to 
a  slab  reheating  temperature  of 
1150  ■  C,  above  which  it  increases 

considerably. 

The  influence  of  finish  rolling 
temperature  on  the  mechanical 
properties  is  not  shown  here,  since  the 
finish  rolling  temperature  was  so 


selected  that  it  was  always  in  the 
region  of  the  Ara  temperature.  It  is 
well  known  that  variations  in  finish 
rolling  temperature  between  740  ‘C  and 
830  ‘C  do  not  exert  any  significant 
influence  on  the  yield  and  tensile 
strength.  Finish  rolling  temperatures 
far  above  the  Ara  temperature  result  in 
a  coarse  austenite  and  consequently  in 
a  coarse  bainite,  but  with  an  enhanced 
dislocation  density.  This  has  no 
noticeable  effect  on  the  mechanical 
strength  of  the  steel  but  an  adverse 
effect  on  the  transition  temperature. 
Optimum  DWTT  transition  temperatures 
will  be  attained  if  the  finish  rolling 
temperature  is  in  the  region  of  the  Ara 
temperature. 

The  influence  of  reduction  ratio 
during  finish  rolling  on  the  mechanical 
strength  is  negligibly  small  in  the 
temperature  range  below  900  ’  C. 

However,  the  final  reduction  ratio 
should  not  be  too  low,  as  otherwise  low 
DWTT  transition  temperatures  cannot  be 
attained. 

The  yield  strength  decreases  only 
slightly  when  the  plate  thickness 
increases,  provided  the  rolling  and 
cooling  parameters  are  kept  more  or 
less  constant.  The  fact  that  the  DWTT 
transition  temperature  increases  with 
increasing  plate  thickness  is  to  be 
attributed  to  the  effect  of  specimen 
geometry.  The  transition  temperatures 
of  thick  plates  can  be  improved  by 
lowering  the  slab  reheating  temperature 
and  increasing  the  final  deformation 
ratio,  as  shown  in  the  nomogram.  But 
this  results  in  a  slightly  lower 
strength  of  the  plate. 

The  cooling  stop  temperature 
influences  both  strength  and  toughness. 
Lowering  the  cooling  stop  temperature 
from  600  'C  to  470  'C  leads  to  an 
increase  in  the  yield  and  tensile 
strength  of  the  plate.  The  yield 
strength  increases  by  a  greater  amount 
than  the  tensile  strength,  which  means 
that  the  yield-to-tensile  strength 
ratio  increases  with  decreasing  cooling 
stop  temperature.  Cooling  stop 
temperatures  below  470  'C  are  not 
desired  because  they  result  in  an 
increase  of  these  volume  fraction  of  M- 
A  constituent,  which  has  a  detrimental 
effect  on  the  toughness  properties. 

MECHANICAL  AND  TECHNOLOGICAL  PROPERTIES 
AND  ECONOMIC  CONSIDERATIONS 

A  comparison  of  the  actual  values 
of  mechanical  and  technological 
properties  (Figure  6)  with  the 
requirements  of  the  specifications 


(Figure  4)  shows  that  there  was  always 
a  comfortable  margin  of  safety  between 
the  two. 

Figure  17  shows,  by  way  of  an 
example,  the  values  of  yield  strength, 
tensile  strength,  yield-to-tensile 
strength  ratio  and  Charpy  V-notch 
impact  toughness  at  -20  ’  C,  determined 
in  the  course  of  production  of  approx. 
50, 000  tonnes  of  line  pipe  for  an 
order. 


Figure  17 

The  histograms  in  the  figure  show 
that  a  consistent  product  was  furnished 
in  this  case.  The  yield  and  tensile 
strengths  were  closely  controlled  and 
they  are  constantly  above  the  specified 
minimum  values.  The  yield-to-tensile 
strength  ratios  are  relatively  low. 
This  is  to  be  attributed  to  the  steel 
composition  chosen  here.  The  Charpy  V- 
notch  impact  energies  of  the  specimens 
have  a  mean  of  about  120  J.  The  scatter 
towards  very  high  values  up  to  200  J  is 
to  be  ascribed  to  extremely  low  sulphur 
contents  of  some  casts.  These  results 
are  representative  of  the  quality  of 
all  the  line  pipe  shipments  (weighing 
more  than  10  million  tonnes)  made  to 
the  Soviet  Union.  If  one  looks  now  at 
the  property  requirements  shown  in 
Figures  3  and  4  one  may  not  find  them 
extraordinarily  stringent.  But,  as  per 
the  standards  of  1976  the  jump  in  the 
yield  strength  from  412  N/mm^  to 
461  N/mm^*  with  relatively  heavy  plates 
of  thicknesses  16.  5  mm  was  very  big, 
because  a  minimum  of  80  %  shear  area  on 
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the  fracture  surfaces  of  the  correctly 
tested  DWTT  specimens  at  -20  '  C  and 

relatively  high  Charpy  V-notch  impact 
energies  were  also  demanded  at  the  same 
time.  The  increased  tensile  strength, 
compared  to  the  API  specification  for 
the  same  grade  material,  exacerbated 
the  situation  further.  This  can  be 
better  demonstrated  by  the  steel 
chemistries  used  worldwide  at  that 
time.  Owing  to  the  state-of-the-art  in 
thermomechanical  processing  at  that 
time  it  was  necessary  for  all  the 
pipemakers  to  select  steels  alloyed 
with  molybdenum  for  pipes  of  these 
dimensions.  The  molybdenum  contents  in 
the  steels  varied  between  0.  30  %  and 

0.  60  %  depending  on  the  level  of 

maturity  attained  by  the  individual 
plate  mills  in  thermomechanical 
processing.  The  steels  were 

additionally  microalloyed  with  vanadium 
and  niobium  and  increased  nitrogen 
levels.  The  basic  composition  was 
approx.  0.  08  %  carbon  and  1.5  % 

manganese.  The  enormous  increase  in  the 
price  of  molybdenum  forced  us  to  resort 
to  alternative  methods  that  enabled 
molybdenum  to  be  reduced  or  even 
avoided,  as  otherwise  the  production 
would  have  been  absolutely 

uneconomical. 

Thanks  to  a  modified  rolling 
technique,  we  were  able  to  produce  the 
16.  5  mm  thick  plate  from  steels  not 
alloyed  with  molybdenum  already  in 
1977.  It  was  necessary  to  raise  the 
niobium  and  vandium  contents  by  small 
amounts  and  alloy  the  steel  with  about 
0. 15  %  chromium.  In  the  subsequent 

years,  the  non-molybdenum  steels  were 
also  used  for  pipes  with  wall 
thicknesses  £  26  mm.  The  economic 

constraints  caused  by  worldwide 
overcapacities  and  the  resultant  loss 
in  profits  also  provided  an  incentive 
in  the  subsequent  period  to  make  use  of 
the  steadily  increasing  experience  in 
thermomechanical  rolling  and  to 
incorporate  accelerated  cooling  into 
the  production  process  to  develop  more 
economic  steel  compositions. 

Developments  in  secondary  metallurgy, 
which  permit*  steel  compositions  to  be 
specified  with  narrower  limits, 
optimization  of  continuous  casting 
technique  and  balanced  heating,  rolling 
and  cooling  parameters  during 
thermomechanical  processing  have  all 
contributed  to  the  successive  reduction 
of  the  amount  of  alloying  elements  in 
the  steel.  Thus,  it  is  possible 
nowadays  to  produce  an  18.  7  mm  thick 
X  67  steel  plate  from  a  simple  CMnNb 
steel  without  the  addition  of  any  other 


elements,  as  shown  in  Figure  17. 
Needless  to  say,  these  steels  also 
consistently  comply  with  the  other 
requirements  of  the  specification,  for 
example,  a  minimum  of  85  %  shear  area 
on  the  fracture  surface  of  the  DWTT 
specimen  tested  at  -20  ‘  C. 

ADDITIONAL  FACTORS  INFLUENCING  THE 

PERFORMANCE  OF  PIPES  DURING  LAYING 
OPERATIONS  IN  THE  ARCTIC  REGIONS 

Apart  from  the  developments  in 
steelmaking  and  plate  manufacture,  the 
developments  in  pipe  forming,  welding, 
nondestructive  testing  and  coating  have 
a  strong  influence  on  the  quality  of 
the  final  product,  namely  the  line 
pipe.  All  these  steps  are  so  adjusted 
that  the  line  pipe  is  produced 
economically  and  is  fit  for  the 
intended  service.  In  many  regions,  pipe 
laying  is  only  possible  in  the  winter. 
In  view  of  the  environmental 
temperatures  between  -55  'C  and  -60  'C 
existing  in  the  northern  regions,  it  is 
understandable  that  a  series  of  tests 
are  specified  that  enable  one  to  assess 
the  behaviour  of  line  pipe  at  -55  'C  or 
-60  ■  C.  For  example,  the  Mesnager 

specimens  shall  exhibit  adequate 
toughness  at  -60  ’  C  in  order  to  ensure 
that  there  are  no  risks  during 
handling,  including  also  field  bending. 
In  the  case  of  polyethylene  mill-coated 
line  pipe,  the  supplier  is  required  to 
prove  that  the  coating  system  does  not 
deteriorate  in  the  temperature  range 
between  +80  'C  and  -55  ’  C.  Welding  is 
mostly  carried  out  at  temperatures  not 
below  -45  ■  C.  One  can  easily  envisage 
that  manual  operations  at  these 
temperatures  are  fraught  with  problems. 
This  is  especially  true  for  sensitive 
operations  like  girth  welding  in  the 
field.  Apart  from  field  weldability, 
the  geometrical  tolerances  of  the  pipe 
play  a  significant  role  under  these 
unfavourable  environmental  conditions. 
Some  relief  to  this  situation  is  the 
joining  of  two  or  three  pipe  lengths  by 
submerged-arc  welding  process  in  well 
equipped  welding  stations.  The  pipes 
must  exhibit  close  dimensional 
tolerances  so  that  the  alignment 
operations  are  reduced  to  a  minimum. 

On  many  occassions,  it  has  been 
confirmed  by  the  Russians  that  the 
advantage  of  our  shipments  consists  in 
the  fact  that  once  we  accept  a 
specification  we  will  furnish  line  pipe 
to  that  specification  with  consistent 
quality,  no  matter  how  large  the 
shipments  may  become  later. 
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SPECIAL  RUSSIAN  DEVELOPMENTS 

Occurrence  of  long  ruptures  in 
large  diameter  transmission  pipelines 
and  the  axiomatic  necessity  to  solve 
these  problems  were  the  background  to 
special  Russian  developments  such  as 
multi-layer  pipe,  quasi-monolithic  pipe 
and  crack  arrestors.  Moreover,  owing  to 
the  state-of-the-art  of  Russian  plate 
mills  it  was  not  possible  for  them  to 
produce  economically  large  tonnages  of 
expensive  thermomechanically  processed 
steel  plate  needed  for  the  line  pipe. 

The  common  goal  of  all  these 
developments  is  to  improve  the 
resistance  of  line  pipe  to  long  running 
cracks  without  adversely  affecting  the 
production  efficiencies  and  without 
raising  the  cost  of  steelmaking  and 
plate  production.  Two-layer  spiralweld 
pipes  and  multi-layer  pipes  produced  by 
joining  several  individual  pups  made  by 
winding  up  hot  rolled  strip  are  known 
to  exist.  But  these  products  could  not 
compete  with  the  monolithic  pipe 
because  of  their  instability  and  the 
lack  of  possibility  to  test  them. 
Quasi-monolithic  pipe  (multi-layer 
pipe)  made  from  rolled  multi-layer 
plate  that  was  produced  by  suspending 
plates  in  the  casting  mould  and 
subsequent  rolling  were  found  to  resist 
the  development  of  long-running  cracks 
in  laboratory  as  well  as  full-scale 
burst  tests.  But  this  type  of  pipe  is 
not  economic. 

A  further  step  towards  the 
improvement  of  pipeline  safety  was  the 
development  of  multi-layer  crack 
arrestors  having  diagonal  slots  in  the 
inner  layers  or  multi-layer  hot  rolled 
crack  arrestor  pups.  It  has  been  proved 
that  these  crack  arrestors  fulfil  their 
function. 

FUTURE  DEVELOPMENTS 

We  recognize  from  the  above 
discussions  and  the  published  Russian 
work  that  in  the  future  the  manual 
operations  are  intended  to  be  reduced 
more  than  in  the  past.  This  implies 
that  human  incompetence  will  be  avoided 
and  high  efficiencies  will  be  achieved 
through  the  use  of  gas  metal  arc 
welding  with  flux  cored  wires  and  above 
all  through  the  use  of  flash  butt 
welding.  Apparently,  the  Russians  are 
prepared  to  accept  that  certain  demands 
such  as  high  notch  toughness  and  CTOD 
values  in  the  weld  metal  and  heat 
affected  zone,  which  are  usually 
specified  in  the  western 
specifications,  cannot  be  applied  to 


the  flash  butt  welds,  as  otherwise  the 
construction  of  a  number  of  pipelines 
cannot  be  completed  within  the  planned 
period.  They  must  also  have  thought 
over  whether  they  should  adopt  the 
western  fitness -for-purpose  approach 
and  thereby  avoid  flash  welding  or  use 
other  criteria  for  assessing  the 
pipeline  integrity.  The  recent 
publications  indicate  that  they  have 
decided  on  the  new  concept  of  using 
mechanised  welding  processes.  The 
Russian  research  institutes  have 
revised  the  requirements  for  girth 
welds. 

The  intention  of  incorporating 
crack  arrestors  into  the  pipeline 
system  fits  in  well  with  the  above 
concept  concerning  pipeline  safety.  In 
order  to  safeguard  the  important 
components  such  as  compressors,  slides 
and  valves  and  thereby  avoid  failures 
and  pipeline  shutdowns  the  crack 
arrestors  are  intended  to  be 
incorporated  in  the  locations  of 
transition  to  smooth  pipeline  sections. 

Considering  the  quality  of  the 
line  pipe  supplied  by  us  and  the 
service  conditions  known  to  us,  we  are 
of  the  opinion  that  there  is  no  need  to 
use  such  special  safety  measures  with 
our  line  pipe.  However,  in  view  of  the 
problematical  environments  in  the  upper 
northern  regions  it  may  be  prudent  to 
use  crack  arrestors  to  prevent  failures 
in  the  important  locations  of  the 
pipeline  system.  Moreover,  third-party 
damage  to  an  operating  pipeline  cannot 
always  be  excluded. 

SUMMARY 

Mannesmann  looks  back  on  its 
ninety-year  tradition  in  furnishing  the 
Soviet  Union  with  line  pipe.  About 
20,000  km  of  line  pipe,  weighing 
approx.  10  million  tonnes,  was  shipped 
to  the  Soviet  Union  in  the  period  since 
1970  alone. 

From  the  very  beginning,  the 
specifications  have  been  drawn  up  for 
line  pipe  intended  for  use  in  the 
Arctic  regions.  Later,  the 

specifications  became  more  and  more 
stringent  us  the  gas  production  moved 
to  farther  northern  regions. 

The  steadily  increasing  demands 
have  been  complied  with  by  changing 
over  from  normalized  plate  through 
thermomechanically  processed  plate  to 
thermomechanically  processed  plus 
accelerated  cooled  plate.  The 
developments  in  the  alloy  design 
(MnNbTi  steel)  in  conjunction  with  the 
accelerated  cooling  technology  (TM- 
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MACOS)  have  enabled  the  yield  strength 
to  be  raised  from  412  N/mm^  to 
510  N/mm^.  At  the  same  time,  the  DWTT 
transition  temperature  has  been  lowered 
from  0  ■ C  to  -20  ‘ C.  The  Charpy  V-notch 
impact  energy  has  been  increased  from 
60  J  at  -20  ’C  to  95  J  at  -20  ’ C.  These 
improvements  are  attributed  in  the 
paper  to  the  microstructural  changes, 
including  the  reduction  of  pearlite 
content,  refinement  in  the  grain  size, 
increases  in  the  dislocation  densitiy 
and  changes  in  the  precipitation 
characteristics. 

The  development  of  steels  with  the 
tensile  strength  values  of  700  N/mm^ 
and  770  N/mm“  is  addressed. 

Quoting  molybdenum  bearing  steels 
as  an  example,  it  is  shown  how  the 
economic  constraints  have  led  to 
changes  in  alloy  design  and  faster 
developments  in  processing  technology. 

Russian  developments  such  as 
multi-layer  line  pipe,  quasi  monolithic 
line  pipe,  crack  arrestors  and  flash 
butt  welding  of  girth  welds  are 
outlined. 
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Abstract 

During  the  last  few  years,  a  large  scale 
of  efforts  has  been  made  on  the  development 
of  line  pipe  steels  at  China  Steel  Corpora¬ 
tion.  The  development  has  been  conducting 
through  a  series  of  works  including  laboratory 
research,  on  line  trial  and  mass  production. 

At  the  stage  of  laboratory  research,  the 
effects  of  rolling  schedules  and  chemical 
composition  on  the  properties  of  steels  are 
evaluated.  According  to  the  results,  the 
chemical  composition  and  rolling  process  are 
designed  for  API  X65  and  X70  steels.  Tryout 
experiments  were  conducted  both  in  pilot  mill 
and  production  line  with  satisfied  results. 

The  mass  production  of  line  pipe  steels 
in  the  plate  mill  of  China  Steel  Corporation 
has  also  been  conducted.  More  than  eighty 
thousand  tons  of  API  X52  has  been  manufactured 
during  the  last  2  years  for  a  30''  diameter 
400  km  long  gas  transmission  pioe  in  Taiwan. 


Introduction 

The  pipes  are  the  most  economical  means 
of  the  transpotation  of  natural  gases  and  oils. 
The  drive  for  a  high  transport  efficiency  has 
brought  about  a  steady  increase  in  the  opera¬ 
tion  pressure  of  the  transmission  pipelines. 

0  meet  such  a  requirement,  a  great  progress 
^>2)  has  been  made  on  the  development  of 
linepipe  steels  with  high  strength,  high  tough¬ 
ness  and  good  weldability.  Practical  applica¬ 
tions  of  the  controlled  rolling'’*^)  and 
beneficipl  utilization  of  microalloying 
elements' ^"6)  such  as  niobium,  vanadium  and 
ti  tali  urn  have  provided  the  groundwork  for 
this  progress.  As  a  new  fellow  in  steel  in¬ 
dustry,  China  Steel  Corporation  has  also  made 
great  efforts  on  the  development  of  thermome¬ 
chanical  treatment  and  microalloying  techno¬ 


logy  to  manufacture  high  strength  low  alloy 
steels.  The  high  quality  linepipe  steels  are 
conducted.  During  the  last  few  years,  API  X52 
grade  steel  was  sucessfully  manufactured  in 
mass  production,  and  the  properties  requirements 
of  API  X60,  X70  were  also  fully  achieved  in 
pilot  production. 

In  this  paper,  the  laboratory  studies  of 
API  X65  and  X70  grade  steels  will  firstly  be 
described.  The  effects  of  chemical  compositions 
and  process  parameters  in  the  controlled  rolling 
process  on  the  mechanical  properties  will  be 
discussed.  Secondly,  the  progress  in  the  pilot 
production  of  API  X60,  X65  and  X70  steels  will 
be  briefly  described.  Finally,  the  results  of 
mass  production  of  API  X52  steels  in  production 
line  will  be  demonstrated. 


Procedures 

The  experimental  material  was  melted  in  a 
vacuum  induction  furnace  and  casted  in  steel  mold 
with  dimensions  of  300mm  in  width  and  210mm  in 
thickness.  Each  cast  was  250  Kg  in  weight.  The 
chemical  composition  of  steels  is  listed  in 
Table  1.  The  experimental  steels  can  be  devided 
into  six  groups,  i.e.,  Mn  and  V  series,  to  be 
used  for  the  evaluation  of  the  effects  of  Mn  and 
V  respectively;  FRT  and  Re  series,  to  be  used 
for  the  study  of  the  effects  of  Finish  Rolling 
Temperature  and  Reduction  at  low  temperaturer 
region  respectively;  L  and  F  series,  to  be  used 
for  Laboratory  and  Field  tryout  rolling  which  is 
designed  for  API  X65  and  X70  and  tested  in 
laboratory  and  production  line  respectively. 

All  of  the  steels  except  the  F  series  were 
rolled  in  the  laboratory  rolling  mill.  Before 
rolling,  the  steels  were  heated  at  1175  C  for  2 
hours.  During  rolling,  the  temperature  was 
measured  using  pyrometer.  In  the  case  of  low 
finish  rolling  temperature  lower  than  770°C  an 
thermal  couple  was  embeded  at  the  midthickness 
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of  slab  to  measure  the  temperature.  For  the 
field  tryout  experiments,  a  commercial  CC  slab 
was  selected  and  rectangular  holes  were  sec¬ 
tioned.  Two  ingots  from  the  laboratory  were 
then  embedded  and  welded  on  these  holes  and 
the  slab  was  reheated  and  rolled  in  the  plate 
mill.  After  rolling  the  laboratory  material 
was  cut  out  to  evaluate  the  mechanical  proper¬ 
ties.  The  rolling  schedule  for  all  of  the 
steels  is  listed  in  Table  2. 

For  tensile  and  impact  tests,  the  speci¬ 
mens  were  sectioned  from  both  of  the  trans¬ 
verse  and  longitudinal  directions  of  plate. 

The  tensile  specimens  were  in  full  thickness, 
25mm  wide  in  reduced  area  and  50mm  in  gauge 
length.  For  impact  test,  standard  10  x  10  x 
55mm  Charpy  V-notch  specimens  were  machined. 
The  impact  energy  and  shear  fracture  area 
ratio  were  measured. 


!lesults  and  Discussion 

The  microstructure  of  Mn  series  steels  is 
shown  in  Figure  1.  From  the  microstructure  it 
can  be  seen  that  as  the  Mn  content  is 
increased  the  grain  size  of  ferrite  is  de¬ 
creased  and  the  morphology  of  second  phase  is 
being  modified  from  pearl ite  to  degenerate 
pearl  ite.  In  steel  Mn3,  see  in  Figure  1,  some 
Baini te/Martensi te  islands  can  also  be  found. 

Figure  2  shows  the  effect  of  Mn  content 
on  the  mechanical  prooerties  of  steels.  It 
can  be  seen  that  the  strength  increases  with 
the  increasing  of  Mn  content.  This  can  po¬ 
ssibly  result  from  a  combined  effect  of  solid 
solution  hardening,  grain  refinement  and 
second  ohase  hardening  as  the  amount  of  Mn  is 
increased.  When  the  Mn  content  is  high,  e.g. 
Mn3  with  1.66  Mn,  the  Luders  strain  is  being 
eliminated  and  thus  results  in  an  apparent 
drop  of  yield  strength.  In  this  steel,  the 
formation  of  bainite  and  martensite  islands 
introduces  free  dislocations  in  the  neighbor¬ 
hood  which  may  result  in  a  continuous  yielding 
behavior  and  thus  a  lower  yield  strength.  As 
shown  in  Figure  2,  when  the  steel  Mn3  was 
heated  at  550°C  for  one  hour,  the  Luders 
strain  is  recovered  and  the  yield  strength  is 
increased. 

Increasing  the  Mn  content  has  resulted  in 
the  grain  refinement  and  thus  better  impact 
toughness.  However,  when  the  Mn  content  is 
too  high  such  as  that  of  steel  Mn3,  the  upper 
shelf  energy  is  decreased  seriously.  It  was 
also  found  that  the  amount  of  separation  on 
the  fracture  surface  of  steel  Mn3  was  much 
more  than  that  of  steels  Mnl  and  Mn2.  This 
resulted  in  a  reduced  upper  shelf  energy! 
of  Mn3  steel.  As  shown  in  Figure  3,  when 
steel  Mn3  was  heated  at  650OC  for  one  hour 
then  rapidly  cooled,  the  separation  on  frac¬ 
ture  surface  can  greatly  be  eliminated  and  the 


upper  shelf  energy  can  be  increased. 

The  effects  of  V  content  on  the  mecha¬ 
nical  properties  are  shown  in  Figure  4. 

Because  of  the  precipitation  hardening 
effect  of  Vanadium  carbides,  the  strength  of 
steel  is  increased  with  the  increasing  V 
content.  In  the  V  series  steels,  a  small 
amount  of  Ti  was  added  such  that  the  vanadium 
precipitate  is  primarily  to  be  VC  which  gives 
smaller  strengthening  effects  than  that  of 
VN(°’^^.  Although  the  precipitation  hardening 
is  detrimental  to  the  toughness  of  steel  (10), 
the  results  showed  smaller  or  negligible  effects 
of  V  content  on  the  toughness. 

The  effects  of  Finish  Rolling  Temperature 
(FRT)  on  the  grain  size  and  mechanical  proper¬ 
ties  are  shown  in  Figure  5.  A  discontinuous 
point  of  mechanical  properties  can  be  found 
around  770OC  which  is  very  close  to  the  calcu¬ 
lated  Ar3  temperature(l  1 )  and  therefore  this 
temperature  can  be  considered  to  be  the  Ar3 
temperature  of  the  steel  used.  The  lower  the 
FRT,  the  smaller  the  grain  size  was  found.  At 
FRT  higher  than  the  Ar3  temperature  the  yield 
strength  is  inversely  propotional  to  the  FRT 
due  to  the  grain  refinement  effect.  Put  the 
tensile  strength  follows  the  opposite  trend  to 
the  yield  strength.  According  to  the  quantita¬ 
tive  metallography  it  is  possible  to  estimate 
the  strength  contribution  from  precipitation 
hardening.  The  calculated  results  according  to 


Eq(’2):  app^=YS-(.Va^^.kd’^) 

OQ=6.5kg/mm^  (Mn%)+6.4(Siii) 

k=l  .81kg/mm‘^^^ 


are  listed  in  Table  3.  As  shown  in  this  table 
at  temperature  above  Ar3  the  precipitation 
hardening  effect  decreases  with  the  decreasing 
FRT.  The  microhardness  of  ferrite  matrix  is 
listed  in  Table  3.  These  results  reveal  that 
at  lower  FRT,  the  ferrite  strength  is  lower. 
From  these  results  it  can  be  seen  that  lowering 
the  FRT,  the  effects  ot  precipitation  hardening 
are  reduced  and  thus  the  tensile  strength  of 
steel  is  decreased. 


Because  of  the  grain  refinement  and  less 
precipitation  hardening  effect  with  lower  FRT, 
see  in  Figure  5,  the  total  elongation  and  b0% 
FATT  are  improved  as  the  FRT  is  lowered. 

However,  when  FRT  is  lower  than  Ar3  temperature, 
both  of  the  tensile  and  yield  strengths  are 
increased  significantly  without  a  serious  change 
in  impact  toughness.  Accompanied  wi th  the 
increase  in  strength  of  steel,  the  ductility  is 
decreased. 


The  effects  of  total  reduction  at  low  tem¬ 
perature  austenite  phase  region  on  the  ferrite 
grain  size  and  mechanical  properties  can  be 
realized  from  Figure  6.  It  can  be  seen  that  the 
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greater  the  amount  of  reduction,  the  finer  the 
grain  size  of  ferrite.  This  grain  refinement 
effect  becomes  less  pronounced  for  reduction 
above  70%.  Higher  amount  of  reduction  at  the 
low  temperature  austenite  phase  region  enhances 
the  strain  induced  precipitation  in  austenite 
phase{13)  such  that  the  available  amount  of  Nb 
and  V  becomes  smaller  to  precipitate  in  ferrite 
phase,  therefore,  the  tensile  strength  is  de¬ 
creased.  Figure  6  also  shows  that  the  yield 
strength  increases  with  the  increasing  reduc¬ 
tion  initially  due  to  the  grain  refinement 
effect.  But  in  the  case  of  reduction  above 
70%  the  grain  refinement  diminishes  and, 
consequently,  the  less  precipitation  hardening 
effect  causes  the  decrease  in  yield  strength.' 
From  this  figure,  the  beneficial  effects  of 
higher  reduction  in  the  low  temperature 
austenite  region  to  the  total  elongation  and 
FATT  can  also  be  visualized. 


Based  on  the  above  results,  the  chemical 
composition  and  the  rolling  process  for  APIx60, 
x65  and  x70  were  designed.  The  confirmation 
test  was  first  conducted  in  a  laboratory  rolling 
mill.  The  results  are  listed  in  Table  4.  The 
tensile  properties  of  steels  13  and  18  with 
thickness  13  and  ISmm  can  all  satisfy  the  API 
x60  specifications.  The  60%  FATT  of  Charpy 
V-notch  imoact  test  for  these  specimens  is  lower 
than  -80°C  and  the  upper  shelf  energy  is  around 
20kg-M  in  longitudinal  direction.  The  composi¬ 
tion  of  steel  13B  is  similar  to  that  of  steel  13 
but  without  Ti -addition.  Because  the  free  N 
content  available  for  the  VN  formation  in  ferrite 
phase  after  rolling  to  achieve  the  precipitation 
hardening  effect  is  higher  for  the  Ti-free  steel. 
It  can  be  found  that  the  tensile  strength  of 
steel  13B  is  higher  than  that  of  steel  13  and  can 
meet  the  API  x70  specifications.  The  toughness 
of  steel  13C  is  poorer  than  that  of  steel  13  some 
extent.  The  composition  of  steel  13C  is  also 
similar  to  that  of  steel  13,  however,  the  total 
amount  of  reduction  in  two-phase  region  was 
about  35%  and  the  finish  rolling  temperature  is 
around  700°C  which  is  lower  than  that  of  steel 
13,  70^0.  The  tensile  properties  show  chat  two- 
phase  rolling  results  in  an  increase  in  strength 
which  achieves  the  requirements  for  API  x70.  The 
Charpy  test  results  show  that  after  rolling  in 
two  phase  region  the  absorbed  energy  of  steel 
decreases,  the  amount  of  separation  on  the 
frature  surface  increases  and  the  FATT  is  not 
greatly  influenced. 

The  enlargement  of  the  results  from  the 
laboratory  scale  to  the  mass  production  is 
accomplished  first  by  evaluating  the  mechani¬ 
cal  properties  of  steels  after  on-line  rolling. 
For  this  purpose,  two  experimental  test  ingots 
were  embedded  and  welded  on  the  rectangular  holes 
of  a  commercial  CC  slab  and  then  rolled  on  the 
production  line.  The  results  are  listed  in 
Table  5.  It  was  found  that  steel  plates  thus 
rolled  on  the  production  line  possess  similar 


strength  but  poorer  toughness  tlian  that  of 
laboratory  products.  For  example,  the  composi¬ 
tion  of  steel  FI  is  close  to  that  of  steel  13. 
The  difference  in  yield  and  tensile  strengths 
are  within  Ikg/mm^  between  these  two  steels. 

The  50%  FATT  of  steel  FI  is  -40°C  which  is  about 
40°C  high  than  that  of  steel  13.  The  poorer 
toughness  of  steel  FI  is  possibly  due  to  a  high 
slab  reheating  temperature  which  results  in 
both  of  the  coarse  and  mixed  grains  in  the  steel 
plates.  The  composition  of  steel  F2  is  similar 
to  that  of  steel  FI  except  that  carbon  content 
is  0.047%  higher.  The  test  results  revealed 
that  carbon  increases  the  strength  and  impairs 
the  toughness  significantly. 

The  final  stage  of  work  on  the  development 
of  linepipe  steels  was  completed  by  rolling 
commercial  API  slabs  on  the  production  line. 

Some  of  the  results  are  listed  in  Table  6.  The 
process  conditions  of  steels  A  and  B  are  about 
the  same  except  that  steel  A  was  reheated  at 
1250°C  and  steel  B,  at  1100°C.  It  can  be  seen 
that  at  low  reheating  temperature  practice  of 
steel  B  improves  the  toughness  significantly 
without  loosing  the  strength. 

The  plate  mill  at  CSC  has  already  rolled 
API  x52  linepipe  steel  over  80,000  tons  during 
the  last  2  years.  Although  the  requirements 
on  mechanical  properties  for  API  x52  are  much 
lower  than  that  for  API  x70,  however,  the  re¬ 
quirements  on  the  surface  and  internal  quality, 
flatness  and  dimensional  tolerance  are  strict. 

At  the  beginning  many  plates  were  rejected 
because  of  the  internal  defects.  Great  efforts 
have  been  performed  in  the  steel  making,  refin¬ 
ing  and  continuous  casting  process  to  improve 
the  internal  quality  of  slabs.  Finally,  the 
total  production  yield  of  this  steel  was  over 
90%.  From  this  experience  CSC  gains  great 
confidence  to  meet  more  strict  challenge  on  the 
production  of  high  grade  linepipe  steels. 


Concl usions 

The  development  of  high  grade  line  pipe 
steels  at  CSC  is  progressing  step  by  step.  The 
basic  effects  of  composition  and  rolling  process 
on  the  properties  have  been  extensively  studied 
in  the  laboratory.  The  composition  and  rolling 
process  for  API  x60,  x65  and  x70  are  designed. 

The  confirmation  tests  are  conducted  both  in 
laboratory  and  production  line.  The  results 
are  encouraging  and  the  success  in  mass  produc¬ 
tion  of  API  x52  has  come  to  the  experience  of 
manufacturing  x60,  xGB  even  x70  line  pipe  steels. 
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Table  1.  The  chemical  compositions  of  experimental  steels. 


Steel 

C 

Si 

Mn 

P 

s 

Nb 

V 

Ti 

A1 

Cu 

Ni 

Nppm 

Mnl 

.075 

.29 

1.18 

.011 

.007 

.037 

.070 

.014 

.022 

.16 

.07 

28 

Mn2 

.078 

.30 

1  .39 

.015 

.005 

.034 

.074 

.017 

.026 

.16 

.08 

25 

Mn3 

.083 

.28 

1  .66 

.009 

.004 

.034 

.080 

.015 

.026 

.24 

.20 

28 

VI 

.100 

.24 

1 .42 

.012 

.005 

.043 

.036 

.017 

.030 

.18 

.18 

52 

V2 

.078 

.30 

1  .39 

.015 

.005 

.034 

.074 

.017 

.015 

.16 

.08 

52 

V3 

.084 

.24 

1  .40 

.010 

.012 

.042 

.108 

.019 

.027 

.19 

.18 

65 

V4 

.097 

.25 

1  .39 

.012 

.005 

.042 

.130 

.014 

.027 

.18 

.19 

60 

FRT 

.080 

.30 

1  .23 

.014 

.007 

.030 

.075 

.007 

.030 

.15 

.15 

33 

Re 

.081 

.22 

1  .24 

.010 

.011 

.033 

.091 

.020 

.017 

.20 

.20 

52 

13 

.095 

.24 

1 .45 

.007 

.007 

.045 

.095 

.012 

.020 

.22 

.19 

56 

18 

.  1  on 

.28 

1  .49 

.008 

.007 

.047 

.096 

.013 

.021 

.21 

.20 

56 

138 

.101 

.30 

1  .45 

.011 

.009 

.040 

.093 

— 

.025 

.18 

.18 

54 

13C 

.107 

.29 

1  .40 

.009 

.008 

.037 

.090 

.018 

.030 

.18 

.16 

47 

FI 

.083 

.24 

1  .44 

.010 

.009 

.048 

.097 

.013 

.027 

.19 

.16 

50 

F2 

.130 

.24 

1  .45 

.011 

.009 

.047 

.098 

.024 

.031 

.19 

.16 

66 

Table  2.  The  rolling  parameters  of  experimental  steels 


Steel 

RHT 

initial 

hoi  ding 

finish 

FRT 

■  C 

t  (mm) 

t  (mm) 

t  (mni) 

■  r 

MnX 

1175 

210 

40 

12 

800 

VX 

1175 

210 

40 

12 

800 

FRTl 

1175 

50 

27 

12 

908 

FRT2 

1175 

50 

27 

12 

870 

FRT3 

1175 

50 

27 

12 

843 

FRT4 

1175 

50 

27 

12 

810 

FRT5 

1175 

50 

27 

12 

770 

FRT6 

1175 

50 

27 

12 

760 

Rel 

1175 

150 

27 

12 

775 

Re2 

1175 

150 

33 

12 

774 

Re3 

1175 

150 

40 

12 

785 

Re  4 

1175 

150 

50 

12 

790 

13 

1175 

210 

40 

13 

770 

18 

1175 

210 

55 

18 

775 

13B 

1175 

210 

40 

13 

810 

13C 

1175 

210 

40 

13 

700 

FX 

1250 

210 

40 

13 

770 
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Table  3.  The  contribution  of  precipitation  hardening  on  the  yield 
strength  and  the  tnicrohardness  of  ferrite  matrix  (lOP). 


Steel 

YS 

Kd“^“ 

ss 

'^ppt 

Hv 

FRTl 

42.9 

6.5 

16.1 

8.2 

12.1 

219 

FRT2 

43.3 

6.5 

17.5 

8.2 

11.1 

205 

FRT3 

43.5 

6.5 

19.2 

8.2 

9  .6 

195 

FRT4 

44.5 

6.5 

20.6 

8.2 

9.2 

190 

FRT5 

46.5 

6.5 

21 .0 

8.2 

10.8 

FRT6 

49.0 

6.5 

21 .7 

8.2 

12.6 

Table  4.  The  mechanical  properties  of  tryout  product  in  laboratory. 


Steel 

YS 

TS 

YS/TS 

EL 

Impact  Absorbed  Eneroy  (Kg-M) 

FATT 

kg/mm= 

kg/mm^ 

/O 

-20°C 

-40  °C 

-60  °C 

-80°C 

°C 

13 

51.1 

57.6 

.89 

40.4 

24.0 

21 .0 

21  .Z 

15.9 

<-80 

18 

51.7 

58.3 

.89 

43.3 

19.4 

17.3 

14.6 

11.9 

<-80 

13B 

55.9 

63.2 

.88 

40.3 

15.1 

12.5 

11  .5 

7.9 

-75 

13C 

55.0 

63.6 

.86 

38.6 

13.3 

10.8 

9.6 

8.6 

<-80 

Table 

5.  The 

mechanical  properties 

of  experimental  sieels 

FI  and  F2 

rolled  in 

the  production 

line. 

Steel 

YS 

TS 

YS/TS 

EL  Impact  Absorbed  Energy  (Kg-M) 

FAT’- 

FI 

kg/rnm- 

kg/ mm  2 

.20°r 

-40  “C  -60  °C  -80°C 

°C 

50.3 

58.4 

.86 

39.5  15.4 

11.8  2.4  1.2 

-40 

F2 

52.3 

63.5 

.82 

34.3  9.6 

4.5  2.4  1.1 

-30 

Table  6. 

The  composition,  rolling  process  and  mechanical 
steels  manufactured  in  the  production  line. 

properties  of 

Steel 

CEQ  Nb 

V 

RHT  Hodling  Finish  FRT  YS  TS  EL 

Charpv  DWTT 

.37  .04 

T 

°C  t  (mm)  t  (mm)  °C  Kg/mm  Kg/ mm  ^ 

5o::fatt  5o-.fatt 

A 

.08 

1250  48  16  770  47.6  58.4  46.2 

-35  -10 

B 

.37  .04 

.08 

1100  48  16  770  46. c  57.1  47.6 

-80  -50 
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Strength,  Kg/mm^  Crain  size 


INDUSTRIAL  DATA  ON  THE  FIRST 
API  X80  LINE  PIPE  PRODUCED 
IN  LATIN  AMERICA 


V.  Lazzari,  S.  Machado,  C.  Silva,  0.  Neto,  J.  Moreira 

COSIPA  Works 
Sao  Paulo,  Brasil 


ABSTRACT 

The  world-wide  trend  in  HSLA  line 
pipe  steels  is  to  increase  the  steel 
strength  and  toughness  requirements 
allied  to  thickness  reduction  of  pipe 
wall,  for  the  same  outside  diameter. 

Grade  X80  requirements  can  be  met 
with  several  chemical  compositions  and 
production  processes.  Tho  objective  of 
this  development  was  to  test  Nb-V-Cr-Ni 
and  Nb-Mo-Ti  steels  in  controlled 
rolled  plates,  9.53  mm  tliicknes  for 
22"  OD  pipes. 

The  alloy  design  aimed  at  Ceq-'0,44% 
and  50%  FATT  under  -60°C  throuah  a 
poligonal  ferrite  microstructure 
containing  martensite  -  austenite  (ftA) 
islands  as  the  dispersed  phase. 

This  article  describes  the  experiment 
results  obtained  under  industrial  scale 
for  production  of  X80  UOE  pipes. 


IT  IS  UELL-KN0\7N  that  there  has  been, 
since  the  last  decade,  a  strong  trend 
in  the  pipe  steel  consuming  in  the 
direction  of  steels  with  higher  strength 
and  superior  toughness  and  weldability 
characteristics.  For  Grade  X80  these 
requirements  would  be  difficult  to 
obtain  with  a  ferrite-perlite  steel. 

In  addition  typical  loss  in  yield 
strength  after  pipe  production  would 
make  mandactory  the  use  of  an  alloy 
design  that  in  order  to  guarantee  X80 
strength  level  in  the  pipe  product 
could  seriously  affect  toughness  and 
weldability  properties  ar.  well  as  create 
production  problems  in  the  pipe  plant. 

In  order  to  improve  the  above- 
mentioned  steel  characteristics, i t  was 
used  low  C  (  £  0,10%)  and  specific 
microalloyings  combined  with  controlled 
rolling  to  aet  a  microstucture 
consisting  essentially  of  polinonal 
ferrite  plus  martensite-austenite  (HA) 
constituent  islands  that  oromote  a 
continuous  stress-strain  curve  .Iheref  ^re, 
the  pipe  production  in  the  U-O-E  process 
would  be  facilitaded  (low  yield 
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strength  increase  after  pipe  manufactu 
ring  process )  . 

INDUSTRIAL  PRODUCTION  OF  PLATES  X80 

The  steelmaking  procedures  used  for 
API  X80  were  the  same  as  those  for 
Grade  X70  with  high  toughness,  that 
is,  the  utilization  of  RIG  process 
(Refining  by  Calcium  Injection)  developed 
by  COMPANHIA  SIDErORGICA  PAULISTA-CCSIPA 
which  acts  in  the  quantity  and 
morphology  inclusions,  combir,inff  low 
level  of  sulfur  and  oxygen. 

Table  1  shows  the  chemical  carpositions 
obtained  where  the  requirements 
C-0,10%  and  Ceq  ^  0,44%  are  met. 

The  controlled  rolling  schedule  used 
for  the  plates  is  shown  below: 

-  Reheating  temperature  =  1100°C 

-  Total  thickness  reduction  =  95% 

-  Total  finishing  reduction  in  th.c 

non-recrystall i zation  region  =  67% 

-  Finish  rolling  temperature  =  740°C 

It  was  used  low  reheating  temperature 
to  avoid  intensive  grain  growth  and 
also  mixed  grains  in  the  final  product. 
Strong  reduction  aimed  at  the  first 
stage  of  controlled  rolling  improved  a 
grain  refining  through  recrystallization. 
The  second  stage  was  carryed  out  above 
and  below  the  austenite-ferrite 

transformation  temperature  to  obtain 
higher  strength  and  a  lower  ductilc-to 
brittle  transition  temperature. 


RESULTS  AND  DISCUSSION 

Average  tensile  and  toughness 
properties  for  plates  produced  from 
two  heats  are  shown  in  Table  II. 

Based  on  a  work  by  Glodowski  and 
Thom.pson  (1)  it  could  be  anticipated 
from  the  2%  yield  strength  results  of 
the  plates  produced  that  X80  strength 
level  could  be  achieved  after  pipe 
production . 

Pipe  production  followed  its  normal 
process  with  1%  cold  expansion.  The  API 
specimens  were  taken  from  the  same 
equivalent  position  as  those  from  the 
plate  product. 

Table  III  shows  the  results  obtained 
in  pipes  with  the  Nb-V-Cr-Ni  steel 
showing  strength  levels  higher  than  the 
Nb-Mo-Ti  steel.  The  good  relationship 
between  ^^2%  plate  x  '“‘’So,5%  pipe  was 
confirmed  in  this  experience, Figure  1. 

In  Figure  2  it  can  be  observed  that 
in  spite  of  Nb-V-Cr-Ni  steel  havinn 
presented  higher  strength,  the  Nb-Mo- 
Ti  steel  exhibited  higher  mechanical 
hardenina  during  pipe  forming.  This 
fact  is  due  to  the  different  stress 
strain  curve.  The  Nb-Mo-Ti  showed  a 
continuous  curve  and  the  Nb-V-Cr-Ni 
steel  presented  a  small  sharp  knee 
stress-strain  curve.  Therefore,  the 
Nb-Mo-Ti  alloy  design  is  prefered  by 
the  pipe  manufacturer  as  its  higher 
work  hardening  allows  X80  pipe  production 
from  plate  product  with  lower  yield 
strength,  facilitating  pipe  forming. 
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steel  C 


TABLE  I 


rtEMICAL  ODMTOSITION  OF  STEEL 


m  Si  p_ 

1  .09  1.56  .37  .014 

2  .08  1.53  .21  .017 

*  irtJ  formula 

**  Sulfide  shape  control 


Al  Nb 
.003  .022  .044 

.005  .026  .026 


_ y_  _Cr  Jfo 

.066  .20  .22  - 

-  .  34 


Ti  N  Ce-i* 

0.007  .42 

.016  0.004  .40 


TABLE  II 

lECHANICAL  PPDPERTIES  FOR  PLATES 

STFIX  Y.S.  T.S.  ^  DWrr  C\/'N(-20°C) 

(14Pa)  (MPa)  (%)  (-2000  {J/cmh 

1  565  703  28  100%  102 

2  488  663  31  100%  174 


TABLE  III 


MECHANICAL  PROPERTIES  FOR  PIPES 


STEEL 

Y.S. 

T.S. 

EL 

DtTIT 

CVN(-20°C) 

(MPa) 

(MPa) 

(%) 

(-20°C) 

(J/cm‘^) 

1 

590 

721 

26 

100% 

87 

2 

564 

694 

30 

100% 

123 

0.5  ’/c  pipe  IMPal 


FIG:  1-  RELATIONSHIP  BETWEEN 

^^2  •/.  Plate  ^^^0.5  Vo  pipe 


^'5(3,5  Vo  plate  I  MPa! 


FIG  2  -  RELATIONSHIP  BETWEEN 

A  I  ^^pipe  plate  plate 


In  fact, both  plate  and  pipe  production 
occurred  without  overload  in  the 
equipment . 

Impact  results  in  transverse  specimens 
are  shown  in  the  transition  curves, 
Figure  3  and  4,  for  plate  and  pipe 
from  both  steels.  It  is  observed  that 
Nb-Mo-Ti  steel  shows  superior  toughness 
property  than  Nb-Cr-V-Ni  steel  both  in 
plates  and  pipes.  It  can  be  noted  that 
the  transition  temperature  is  very  low, 
probably  under  -100°C.  These  results 
are  similar  to  those  presented  by  other 
authors  (2,4,14)  as  regards  absorved 
energy  and  transition  temperature,  and 
for  the  carbon  levels  under  consideratior . 


fllCROSTRUCTURES 


The  microstructural  analysis  was  done 
by  optical  and  transmission  (TEM) 
microscope . 

Nb-V-Cr-Ni  STEEL  -  The  observed 
microstructure  shows  presence  of 
elongated  ferrite  grains  with  MA 
islands  distributed  at  random  as  it  can 
be  seen  in  Figure  5  (HA  blacl<  regions). 
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The  average  ferrite  grain  size  was 
5.79>im  and  the  MA  volumetric  fraction 
13.4%.  It  was  noted  dislocation 
arrangements  inside  the  ferrite  grains 
(see  Figure  6 ), interacting  with  existing 
precipitates,  which  are  especially 
fine.  Figure  7. 


^IG:3-  TRANSITION  CURVES  -  TRANSVERSE 
SPECIMENS  I  STEEL  II 


FIG:  4-  TRANSITION  CURVES  -  TRANSVERSE 
SPECIMENS  I  STEEL  2  I 


The  identification  analysis  of  these 
precipitates  showed  the  presence  of 
NbC,  NbN ,  VC  and  VN,  of  which  NbC  and 
VC  were  the  finest  ones.  Also  chromium 
carbides  and  aluminates  were  identified 
These  sizes  of  main  precipitates  are 
as  follow: 


Precipitate 


Size  Range  of 
the  Precipitates 


NbC, 

VC 

10  - 

40 

nm 

NbN, 

VN 

25  - 

60 

nm 

(Cr, 

C) 

200  - 

400 

nm 

An  optical  photomicrograph  is  shown 
in  Figure  8. 


Nb-Mo-Ti  STEEL  -  The  observed 
microstructure  was  identical  to  the  one 
obtained  in  the  Nb-V-Cr-Ni  steel,  see 
Figure  9  and  10.  The  average  ferrite 
grain  size  was  6,35  and  the  MA 
volumetric  fraction  16.7%. 

It  was  also  observed  the  presence  of 
NbTi  and  TiN  (cubic  precipitates) 
besides  NbN,  NbC,  AIN  and  MO2C. 

This  carbide  distribution  can  be  seen 
by  TEM  replica  in  the  light  field  of 
Figure  11.  The  precipitate  sizes 
observed  are  as  follows. 


Precipi tate 


Size  Range  of 
the  Precipitates 


TiN 

200  - 

500 

nm 

NbTi 

25  - 

200 

nm 

Nb  (C,N) 

50 

nm 

M02C 

150  - 

500 

nm 

Figure  12  shows  the  optical  photo 
micrograph  of  the  obtained  structure 
in  Nb-Mo-Ti  steel.  As  it  can  be  observed 
the  ferrite  grain  and  precipitate  sizes 
in  the  Nb-V-Cr-Ni  steel  were  smallcr 
than  those  in  the  Nb-Mo-Ti  steel, which 
were  processed  under  the  same 
conditions . 

WELDING  RESULTS 

Welding  -  The  investigations  was  made 
on  a  pilot  scale  and  the  seam  welds 
were  made  with  a  single  pass  on  each 
side  by  two  wires  SAW  process.  Groove 
preparation  and  seam  welding  conditions 
are  shown  in  Table  IV. 

The  flux/wire  combination  used  was 
according  to  AWS  A  5.17  F72  EM  12  K 
classification.  Therefore,  as  the  present 
results  were  the  first  ones  in  Brazil  to 
develop  X80  steel  grade  adequate  welding 
consumables  for  this  grade  are  not 
easily  available  yet.  Thus,  in  this 
section  comments  are  not  made  about 
weld  metal  properties. 


Hardness  Profile  Across  Welded  Joint  - 
The  variation  in  hardness  across  welded 
sam.ples  of  Nb-V-Cr-Ni  and  Nb-Ho-Ti  are 
shown  in  Figure  13.  It  can  be  observed 
that  both  steels  have  HA2  hardness 
similar  to  that  of  parent  metal. 

Impact  Properties  -  The  weldment 
toughness  is  shown  in  Figures  14  and  15 
as  a  function  of  test  temperature  for 
notches  at  the  weld  metal,  fusion  line 
and  1,3,5  mm  far  from  the  fusion  line. 
Independently  of  notch  location  in  the 
welded  joint,  Nb-Mo-Ti  steel  presented 
better  results  than  Nb-V-Cr-Ni  steel, 
as  was  with  plate  properties. 

Hardness  -  To  examine  the  HAZ 

hardenabi  li  ty,  the  maximar.  hardness  test 
was  made  in  accordance  .;ith  JIS  23101. 
The  SMAW  process  was  used  for  this 
purpose.  Typical  results  indicated 

that  the  Nb-V-Cr-Ni  and  Nb-Mo-Ti  had  a 
maximum  of  245  and  207  HV  10  respectively 


The  tensile  results  were  identical 
to  the  plate  and  the  fracture  location 
was  in  the  base  metal. 

TABLE  IV 

WELDING  PROCEDURES  -  SAW 


LEAD 

TRAIL 

— 

WELDING 
SPEED 
( cm/mi n) 

HEAT 
INPUT 
(k j/cm) 

GROOVE 

PREPARATION 

(A) 

(V) 

(A) 

(V) 

90* 

BACKING 

550 

34 

500 

36 

150 

15 

FINAL 

600 

34 

550 

36 

150 

16 

90*  ^ 
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FIG:  13  -  PROFILE  OF  HARDNEGS  ACROSS  WELDED  JOINT  IN  BOTH  STEELS 
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FIG  u- TRANSITION  CURVES  -  TRANSVERSE 
SPECIMENS  IN  THE  WELDED  JOINT 
FOR  Nb-V-Cr-Ni  STEEL 
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FIG  15-  TRANSITION  CURVES  -  TRANSVERSE 
SPECIMENS  IN  THE  WELDED  JOINT 
FOR  Nb-Mo-Ti  STEEL 


CONCLUSION 


Based  on  the  industrial  results 
obtained  in  COSIPA,  the  following 
conclusions  can  be  drawn: 

1)  It  was  obtained  plates  for  the 
production  of  API  X80  pipes  through 
controlled  rolling  process  with  good 
mechanical  properties  and  weldability 
besides  good  performance  in  the  plate- 
anJ-pipe  production  lines. 

2)  The  materials  with  a  yield  strength 

recovery  after  pipe  production 

facilitated  the  pipe  formina  by  using 
plates  with  lower  yield  strength. 

3)  The  present  work  has  marked  the 
introduction  of  a  new  stage  of  product 
development  in  the  direction  of  high 
grade  and  modern  API  steels  produced 
by  controlled  rolling. 

4)  For  attending  plate  specifications 
for  API  pipe  production  which  are 
getting  stricter  and  stricter  COSIPA 
continues  research  and  develonment  of 
these  materials. 
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ABSTRACT 

Traditionally,  fracture  control  plans  for 
pipelines  transporting  compressible  fluids  have 
centred  around  the  establishment  of  the 
necessary  toughness  properties  for  the  pipeline 
materials.  It  is  becoming  increasingly 
apparent  that  the  approach  to  fracture  control 
for  major,  long-distance  transmission  systems 
must  be  much  more  integrated  in  nature, 
encompassing  not  only  materials  design  and 
specification,  but  also  the  construction  and 
operational  phases.  The  most  important  feature 
of  effective  design  against  fracture  remains 
the  prevention  of  the  initiation  of  ruptures, 
but  this  can  only  be  accomplished  with  a  full 
apprpriation  of  the  prevalent  causes  of 
failure.  These  include  mechanical  damage, 
during  both  installation  and  operation, 
corrosion,  and  displacement-controlled 
longitudinal  strains  which  may  be  difficult  or 
imoossible  to  design  against.  As  a  result,  the 
prevention  of  rupture  also  involves  the  design 
and  quality  assurance  of  cathodic  protection 
and  coating  systems,  construction  surveillance 
and  operating  practices.  In  addition, 
in-service  monitoring  may  form  an  integral  part 
of  an  overall  fracture  control  plan, 
particularly  in  regions  of  unstable  or 
unpredictable  terrain. 

Recognizing  that  total  prevention  of 
rupture  over  the  lifetime  of  a  pipeline  may  not 
be  achievable,  a  great  deal  of  research  has 
been  carried  out,  and  is  still  continuing,  on 
the  material  properties  required  to  arrest  a 
running  fracture.  For  methane  pipelines  of 
modest  diameter  operating  under  conventional 
service  conditions,  any  of  a  number  of  existing 


models  will  give  a  reliable  estimate  of  "arrest 
toughness",  and  mill  specifications  can  be 
framed  to  give  the  required  performance. 

Higher  operating  pressures  and  hoop  stresses 
not  only  reveal  inadequacies  in  the  existing 
models,  but  call  into  question  traditional  ways 
of  measuring  fracture  propagation  resistance. 
Carbon  dioxide  and  natural  gas  containing  large 
fractions  of  higher  hydrocarbons  present 
particular  difficulties  and,  at  present,  the 
use  of  crack-arrestors  often  represents  the 
most  suitable  approach  to  fracture  limitation 
for  systems  involving  these  fluids. 


THE  EVOLUTION  OF  THE  gas  transmission 
industry's  formal  approach  to  fracture  control 
Co. I  be  traced  back  some  thirty  years,  to  the 
occurrence  of  several  long,  brittle  failures. 
The  longest  of  these  occurred  in  1960  during 
gas  testing  of  an  NPS  30  (762  mm  00)  pipeline, 
and  extended  some  13  km  (8  miles). 
Inoustry-spo.iscrcd  re^ea'^ch  in  response  to  this 
problem  resulted  in  the  development  of  the 
Battelle  drop-weight  tear  test,  and  to  its 
virtually  universal  use  as  a  means  of 
specifying  line  pipe  which  will  not  support 
brittle  fracture  under  the  pipeline  operating 
conditions.  Beginning  in  the  late  sixties, 
several  relatively  long  ductile  failures  also 
occurred,  and  a  number  of  research  programs 
were  initiated  which  were  aimed  at  identifying 
material  requirements  for  the  arrest  of  ductile 
fracture.  Research  in  this  area  is  still 
continuing,  but  the  early  outcome  was  the 
concept  of  an  "arrest  toughness",  specified 
initially  in  terms  of  Charpy  impact  energy. 
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winch  could  be  used  to  reduce  the  probability 
of  long  ductile  fractures  to  an  acceptable 
level.  At  the  same  time,  it  was  widely 
realized  that  the  key  element  of  fracture 
control  lay  in  the  prevention  of  initiation. 
Again,  models  were  developed  which  allowed  a 
desired  tolerance  to  defects  to  be  achieved  by 
the  specification  of  a  minimum  level  of  Charpy 
energy.  Thus,  by  the  seventies,  the  concept  of 
a  comprehensive  fracture  control  plan  had  been 
established^.  Typically,  it  was  based  on: 

(a)  The  specification  of  a  high  minimum  shear 
area  in  the  DWTT,  to  ensure  freedom  from 
brittle  fracture  propagation;  (b)  The 
specification  of  a  minimum  Charpy  energy  at  the 
design  temperature  corresponding  to  a  critical 
through-wall  defect  size  for  failure  initiation 
which  was  some  high  fraction  of  the  maximum 
attainable  (typically  80  -  90i:);  (c)  The 
consideration  of  anticipated  Charpy  toughness 
distributions  in  relation  to  the  arrest 
toughness  to  ensure  that,  on  a  statistical 
basis,  ductile  fracture  lengths  could  be 
limited  to  a  desired  maximum.  In  some  cases, 
this  would  lead  to  the  specification  of  an 
all-heat  average  Charpy  requirement,  to  a 
higher  minimum  requirement,  overriding  the 
value  specified  for  initiation  resistance,  or 
to  some  other  means  of  ensuring  the  presence  of 
the  desired  proportion  of  "arrest"  pipe  in  the 
pipeline  as  constructed. 

This  approach  is  still  appropriate  for 
many  conventional  pipelines.  In  recent  years, 
however,  considerable  changes  have  taken  place 
in  an  attempt  to  optimize  the  economics  of 
major,  long-distance  transmission  systems.  In 
particular,  some  of  the  changing  design  aspects 
which  impact  fracture  control  include  larger 
diameters,  new,  higher-strengih  materials, 
thicker  walls,  higher  pressures  and  lower 
temperatures,  together  with  the  transmission  of 
gases  containing  substantial  proportions  of 
tilgher  hydrocarbons.  Long-distance  pipeline 
transportation  of  carbon  dioxide  in  the 
supercritical  state  for  enhanced  oil  recovery 
projects  has  also  become  commonplace.  The 
effect  of  these  factors  has  not  only  been  a 
great  escalation  in  the  toughness  levels 
required,  but  also  to  call  into  question  the 
existing  predictive  iriodels  fur  fracture  arrest 
and  even  the  way  in  which  fracture  resistance 
is  determined.  As  a  result,  since  the  late 
seventies,  use  has  also  been  made  of 
crack-arrestors  to  ensure  the  limitation  of 
fracture  length;  considerable  advances  have 
been  made  in  their  design  in  recent  years. 


At  the  '^anie  time  as  these  developments 
have  been  occurring,  increased  operating 
experience  with  conventional  pipelines  designed 
with  a  rational  fracture  control  plan  has 
indicated  the  importance  of  detailed 
consideration  of  the  causes  of  failure.  In 
such  pipelines,  service  failures  initiating 
from  material  deficiencies  have  been  extremely 
rare,  as  have  been  propagating  fractures. 
Mechanical  damage,  whether  caused  during 
construction  or  in  service,  corrosion  and,  in 
some  areas,  stress  corrosiori  have  been  the  most 
important  factors,  with  ground  movement,  eithei 
due  to  subsidence  or  slope  stability  problems, 
presenting  a  special  hazard  because  of  the 
difficulty  of  designing  a  priori  against  it. 

The  focus  of  the  industry's  concerns  for 
operating  integrity  has  thus  shifted  somewhat, 
towards  factors  more  directly  related  to  these 
causes  of  failure. 

The  remainder  of  the  present  paper  will 
concentrate  on  the  facto,  a  ..ontrolling  the 
initiation  of  rupture  in  the  context  of  the 
principal  causes  of  failure  which  have  just 
been  indicated,  and  on  the  measures  available 
tor  the  control  of  fracture  length.  Brief 
attention  will  also  be  given  to  the  analysis  of 
risk  and  economics. 

FRACTURE  INITIATION 

THROUGH-WALL  FLAWS  -  In  design  against 
fracture  initiation,  a  key  consideration  is 
whether  a  defect  which  penetrates  the  pipe 
wall,  by  whatever  mechanism,  will  initiate 
rupture  or  merely  leak;  under  most 
circumstances  the  latter  will  have  much  less 
serious  consequences.  Through-wall  flaws 
initiate  rupture  under  conditions  which  are 
generally  described  viith  good  accuracy  by  an 
equation  developed  for  the  American  Gas 
Association  by  Battelle  Columbus  Laboratories 
the  early  seventies^.  The  flaw  length 
sustainable,  at  any  given  stress,  increases 
with  increasing  Charpy  energy,  but  is 
ultimately  limited  by  the  flow  stress  and 
geometry  of  the  pipe.  As  the 
flow-stress-limited  defect  length  is 
approached,  very  large  increases  in  Charpy 
energy  produce  insignificant  gains  in  defect 
tolerance,  so  that  many  pipeline  operators  have 
chosen  as  a  baseline  toughness  requirement  a 
Charpy  energy  corresponding  to  a  critical 
defect  length  80  or  90»  of  the  maximum  value. 

In  this  way,  most  of  the  benefit  of  improved 
toughness,  relative  to  initiation  from 
through-wall  flaws,  can  be  secured,  while 
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Chdrpy  requirements  are  limited  to  readily 
attainable  and  physically  meaningful  levels. 

Figure  1  shows  the  resu'* of  applying 
this  philosophy  to  a  number  ^f  hypothetical 
design  cases  involving  r-  ssures  ranging  from 
the  currently  conventional  range  for  natural 
gas  transmission  service  (7  OOU  -  10  000  kPa 
[1000  -  143f  psigj)  up  to  14  893  kPa 
(2160  psig),  which  probably  represents  the 
curre  *■  upper  limit  for  suitable  valves  and 
fittings.  It  is  clear  that  increasing  design 
pressure,  diameter  and  strength  level  lead  to 
significant  increases  in  the  required  Charpy 
energy.  To  place  these  requirements  in 
context,  currently-specified  minimum  Charpy 
values  for  large-diameter  pipe  typically  range 
from  40  -  68  J  (30  -  bU  ft  Ibf).  nevertheless, 
considering  worldwide  pipe-mill  capabi 1 ities, 
even  the  highest  requirements  appear  to  be 
reaai ly  obtainable,  although  probably  at  some 
incremental  cost.  The  actual  critical  flaw 
lengths  associated  with  these  toughness  levels 
range  from  96  mm  (3.75  in)  for  OPS  36, 

Grade  550  (X80}  pipe  operating  at  7  446  kPa 


design  pressure.  kPa 

Fig.  1  Required  Charpy  Energy  to  Give  Critical 
Through-wall  Defect  Length  Equal  to 
90X  of  Maximum. 


(1080  psig)  to  230  mni  (9.06  in)  for  NPS  56, 
Grade  483  (X70)  pipe  operating  at  14  893  kPa 
(2160  psig). 

MECHANICAL  DAMAGE  -  It  has  been  recognized 
for  many  years  that  the  most  prevalent  cause  of 
reportable  service  failures  in  North  America  is 
that  riassified  as  "outside  force"  (53.6:.  of 
all  service  failures  between  1970  and  1984)^. 
Within  that  category,  mechanical  damage 
accounts  for  three-quarters  of  the  incidents, 
and  thus  represetits  by  far  the  most  important 
single  cause  of  failure. 

A  considerable  amount  of  research  has  been 
carried  out  aimed  at  assessing  the  effects  of 
mechanical  damage  on  failure  conditions. 

Fairly  recently,  work  has  been  completed  which 
allows  the  failure  stress  to  be  related  to 
material  toughness  and  to  the  geometry  of 
mechanical  damage  consisting  of  a  gouge  in  a 
dent^.  Note  that  ungouged  dents  are  of  little 
significance  for  the  initiation  of  rupture, 
while  plain  gouges  can  be  dealt  with  using  a 
surface  flaw  equation  analogous  to  that 
discussed  above  for  through-wall  flaws.  The 
failure  curve  is  shown  in  Figure  2,  and  allows 


O  CVN/|D''2R)  |2C)  (a/ll  J'mm 


Fig.  2  Failure  Stress  From  Dent  and  Gouge 

Detects  as  a  Function  of  'Q'  Paranieter 
(After  Maxey) 
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a  critical  value  of  ttie  parameter  Q,  derived 
from  the  material  toughness  and  damage 
geometry,  to  be  determined  for  a  given  ratio  of 
service  stress  to  flow  stress.  In  order  to 
relate  critical  gouge  length  to  required  Charpy 
energy,  however,  it  is  clearly  necessary  to 
make  some  assumptions  concerning  the  depth  of 
both  gouge  and  dent.  Maxey  has  suggested  that 
a  gouge  depth  10°i  of  the  pipe  wall  and  a  dent 
depth  of  the  pipe  diameter  are  appropriate 
limiting  values^.  With  these  assumptions,  it 
IS  possible  to  calculate  the  critical  gouge 
length  wliich  will  cause  failure  at  the  maximum 
operating  pressure,  when  the  Charpy  energy  is 
that  determined  by  the  90%  maximum  through-wall 
flaw  criterion  previously  described.  When  the 
same  design  cases  used  to  develop  Figure  1  were 
analyzed  in  this  way,  it  was  found  that 
critical  gouge  lengths  were  some  25  -  40%  lower 
than  the  critical  through-wall  flaw  length  in 
the  absence  of  damage.  The  resulting  critical 
flaw  sizes,  in  some  cases,  could  be  considered 
insufficient,  particularly  for  the  smaller  pipe 
sizes  which  are  intrinsically  more  susceptible 
to  damage.  On  the  basis  of  Figure  2,  it  is 
also  possible  to  determine  the  Charpy  energy 
corresponding  to  a  critical  gouge  length  equal 
to  the  critical  through-wall  defect  length  in 
undamaged  pipe.  As  Figure  3  shows,  significant 
increases  would  be  required. 

Clearly,  this  criterion  for  gouge  length 
is  an  arbitrary  one,  and  a  consideration  of 
actual  flaw  sizes,  and  .zf  the  susceptibility  of 
some  of  the  larger  and  thicker  pipe  sizes  to 
aainage,  may  suggest  that  there  is  little 
justification  for  the  adoption  as  a 
specification  minimum  of  some  of  the  more 
extreme  toughriess  values  appearing  in  Figure  3. 
In  practice,  it  is  preferable  to  consider  the 
effect  of  toughness  on  damage  tolerance  on  a 
cdse-by-case  basis  so  that  the  benefits  of 
iricreasing  the  specified  minimum  Charpy  energy 
can  be  assessed  in  relation  to  any  incremental 
costs . 

TIME-OEPLNDENT  FAILURE  -  The  fracture 


criteria  so  far  referred  to  describe  the 
conditions  of  failure  when  the  pressure  on  a 
pipe  containing  a  defect  is  continuously 
increased  until  failure  occurs,  or  when 
critical  damage  is  inflicted  on  a  pressurized 
pipe.  In  reality,  some  important  mechanisms  of 
failure  involve  the  slow  growth  of  a  defect 
under  sustained  loading.  In  some  instances, 
fluctuating  loads  may  also  be  significant. 

Work  in  progress  on  failure  under  such 
conditions  aims  at  modelling  flaw  growth  and 
developing  revised  failure  criteria^.  Figure  4 


Fig.  3  Required  Charpy  Energy  For  Failure  From 
5%  Dent,  10'-  Gouge  at  Same  Defect  Length 
as  Critical  Through-wall  Defect  Length, 
Fig.  1. 

illustrates  the  results  of  a  full-scale  test  on 
an  NPS  22  pipe  containing  an  axial, 
through-wall  flaw,  initially  63.5  mm  (2.5  in) 
long.  The  test  procedure  was  to  raise  the 
pressure  by  a  small  increment  and  monitor  the 
crack  extension.  The  pressure  was  held 
constant  until  no  further  crack  extension 
occurred,  and  then  a  furthei'  pressure  increment 
was  applied.  Crack  extension  began  at  a 
pressure  well  below  that  corresponding  to  the 
SMYS  of  the  pipe  material,  and  the  final 
failure  pressure  was  significantly  lower  than 
would  have  been  predicted  using  the 
time-independent  methodology  referred  to 
earlier  for  through-wall  flaw'.  The  model 
under  development  for  flaw  behaviour  unoer 
sustained  loading  successfully  predicted  the 
pressure  both  at  the  onset  of  stable  crack 
growth  and  at  failure.  Continuing  work  is 
aimed  at  extending  the  model  to  axial  surface 
flaws,  a  configuration  of  more  practical 
significance  for  pipeline  operations,  and  to 
higher-strength  steels  more  suitable  for  high 
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pressure  systems;  when  completed,  this  work 
should  provide  a  better  vehicle  for  assessing 
the  integrity  of  a  pipeline  known  to  contain 
defects,  as  well  as  allowing  hydrostatic  retest 
programs  to  be  planned  in  such  a  way  as  to 
minimize  the  potential  for  damage. 


CflACK  GROWTH,  mm 


Fig,  4  Time-dependent  Growth  to  Failure  of  a 
Through-wall  Flaw  in  a  Vessel  Test 
(After  Leis) 


HYOROGEN-ASSISTEU  CRACKING  -  Hydrogen 
stress  cracking  has  been  known  as  a  source  of 
pipeline  failures  for  many  years,  but  it  was 
initially  only  observed  in  conjunction  with 
hard  spots  arising  from  inadvertent  rapid 
cooling  dur.ng  production  of  skelp  with  much 
higher  carbon  contents  than  modern  pipeline 


steels 


7 


Hardness  values  well  over  400  HV 


throughout  the  pipe  thickness  were  not  uncommon 
in  such  regions.  Hydrogen  liberated  at  coating 
holidays  by  the  action  of  cathodic  protection 
potentials  more  negative  than  -1170  mV  vs. 
Cu/CuSO/j  provides  a  source  of  atomic  hydrogen 
in  the  steel  which,  combined  with  the  applied 
stress,  can  then  lead  to  cracking  at  the  hard 
spot. 


In  the  last  few  years,  several  service 
failures  of  a  related  nature  have  taken  place 
in  modern  pipeline  steels  which  are  not 
susceptible  to  the  presence  of  hard  spots^. 
Typical  steels  which  have  been  involved  contain 
only  about  0.09T  carbon,  and  bulk  hardnesses 
are  generally  in  the  range  200  -  250  HV.  The 
key  factor  in  the  initiation  of  tiiese  failures 
has  been  the  presence  of  mechanical  damage  in 
the  form  of  gouges,  in  some  cases  with  minor 
denting.  A  disturbing  feature  has  been  the 
relatively  minor  nature  of  the  damage,  and  the 


restricted  extent  of  any  associated  strain 
hardening.  The  highest  hardnesses  measured 
have  been  around  315  HV,  in  very  localized 
regions  immediately  below  the  gouge.  Important 
contributory  factors  appear  to  be  relatively 
high  local  tensile  residual  stresses  associated 
with  the  damage,  ana  strain-aging  of  the  pipe 
material  at  the  service  temperature.  In  the 
cases  which  have  occurred  on  the  NOVA  system, 
the  damage  was  caused  during  construction; 
final  failure  occurred  from  five  to  ten  years 
later.  This  emphasizes  the  prime  importance  of 
attentive  inspection  at  all  phases  of 
construction,  as  well  as  of  proper  attention  to 
coating  integrity. 


STRESS-CORROSION  CRACKING  AND  GENERAL 
CORROSION  -  External  stress-corrosion  cracking 
(see)  has  been  recognized  as  a  potential  source 
of  failure  for  over  twenty  years^.  The  great 
majority  of  such  failures  has  taken  place  in 
the  U.S.A.,  whose  pipeline  infra-  ucture  is  by 
far  the  most  extensive  and  also,  on  average, 
the  oldest  in  the  world.  More  recently, 
however,  significant  SCC  failures  have  taken 
place  in  other  countries,  most  notably  in 
Australia^^  and,  recently,  in  Canada. 

Many  of  the  controlling  parameters 
associated  with  SCC  are  now  well  established^^, 
at  least  for  the  "classical"  SCC  phenomenon 
which  has  been  extensively  studied  in  the 
U.S.A.  and  elsewhere.  It  is  clear  that  the 
predominant  electrolyte  involved  is  a 
carbotiate-bicarbonate  solution,  and  that 
cracking  occurs  when  CP  potential  decays  into  a 
relatively  narrow  range  (typically  quoted  as 
-600  to  -750  mV)  and  is  held  there  for  long 
periods  as  a  result  of  locally  defective 
coating  conditions.  For  any  given  combination 
of  material  and  operating  conditions,  there  is 
a  threshold  stress  below  which  cracking  will 
not  take  place.  SCC  growth  rates  appear  to 
increase  with  temperature,  so  the  most 
severe  problems  have  often  been  experienced 
immediately  downstream  of  compressor  stations. 
Surface  condition  of  the  pipe  is  an  important 
factor;  mill-scaled  surfaces  appear 
particularly  susceptible  to  SCC,  while 
grit-blastinc  greatly  improves  SCC  resistance. 

SCC,  when  it  occurs,  is  generally  a 
serious  problem,  since  cracks  rarely  occur 
singly.  In  addition,  as  a  result  of  multiple 
crack  linkage,  cracks  generally  develop  high 
aspect  ratios  by  the  time  the  pipe  wall  is 
penetrated,  so  that  they  are  apt  to  cause 
ruptures  rather  than  leaks.  Often,  long, 
continuous  sections  of  pipelines  are  found  to 
be  affected;  in  a  recent  investigation,  over 
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50%  of  nearly  300  sites  investigated  on  a 
single  pipeline  were  found  to  show  SCO 
indications.  Rehabilitation  of  a  line  known  to 
contain  SCO  is  difficult  and  costly,  since 
in-line  inspection  for  axial  cracks  is  still  in 
a  developmental  stage.  Since  the  range  of  soil 
types,  pH,  electrolyte  characteristics  and  pipe 
material  which  have  been  associated  with  SCO  is 
now  extremely  extensive,  mitigation  of  this 
failure  mechanism  must  be  a  concern  in  the 
fracture  control  plan  for  many,  if  not  most, 
long-distance  pipelines.  Since  it  is 
economically  (and,  for  higher  pressures, 
technically)  impractical  to  design  such  systems 
at  stresses  which  are  reliably  below  the  SCC 
threshold,  the  use  of  high  integrity, 
plant-applied  coatings  represents  the  only 
effective  defense.  Apart  from  the  improved 
performance  of  the  coatings  themselves,  the 
associated  surface  preparation  is  also  of 
considerable  benefit. 

External  corrosion  has  been  a  continuing 
source  of  pipeline  integrity  problems  (about  7% 
of  all  reportable  service  incidents  in  the 
U.S.A.  between  1970  and  1984)^.  Again,  many 
factors  are  involved,  including  groundwater 
chemistry,  bacterial  effects,  and  cathodic 
protection  practices,  but  the  single  most 
important  factor  is,  once  again,  coating 
integrity.  Here,  too,  for  the  planning  of 
major,  new  pipelines,  only  the  specification  of 
high  integrity,  plant-applied  coatings,  coupled 
with  careful  inspection  both  in-plant  and 
during  construction,  represent  an  adequate 
response. 

SOIL  MOVEMENT  -  A  significant  number  of 
pipeline  failures  has  been  associated  with  soil 
movement.  The  site-specific  design  of  modern 
pipelines  will  involve  the  consideration  of 
allowable  longitudinal  strains  ii  ))li  ,i; 
tensile  and  compressive  oirectioi.s.  n  i; . 
former  case,  the  fracture  resistance  of  girth 
welds  will  generally  be  the  limiting  factor, 
while  buckling  resistance  is  the  major  concern 
in  the  latter.  Extremely  complex  and  costly 
mitigative  measures  have  been  proposed  for 
specific  pipelines,  particularly  in  regions 
where  frost-heave  and  thaw-settlement  may  be 
encountered.  As  the  available  technology 
advances,  it  is  becoming  clear  that  it  may  be 
appropriate  to  pay  more  attention  to  in-service 
monitoring  rather  than  to  attempt,  at  the 
design  stage,  to  allow  for  all  the 
displacements  which  may  occur  over  the  life  of 
the  pipeline.  Remote  monitoring  techniques 
using  satellite  communications,  intelligent, 
position-sensing  pigs  and  other  advanced 


techniques  may  be  applied,  together  with 
traditional  strain-monitoring  and  high  level 
modelling  of  pipe-soil  interactions,  to 
determine  when  intervention  is  necessary  to 
preserve  the  integrity  of  the  pipeline. 

FRACTURE  PROPAGATION 

DUCTILE  FRACTURE  PROPAGATION  AND  ARREST  - 
As  has  been  mentioned,  research  on  the 
propagation  and  arrest  of  ductile  fracture  in 
gas  pipelines  began  some  twenty  years  ago,  and 
is  still  continuing.  Such  research  is  both 
extremely  expensive  and  technically 
challenging,  since  the  validation  of  any  model 
requires  large-scale  testing  involving 
realistic  pressurizing  fluids.  Over  this 
period,  many  methodologies  have  been  proposed 
to  determine  the  necessary  toughness  level  for 
fracture  arrest.  Figure  5  shows  the  results  of 
calculations  using  five  of  these 
approaches^ ,  some  of  which  involve  detailed 
consideration  of  the  interaction  between  the 
driving  force  provided  by  the  gas  and  the 
fracture  resistance  of  the  pipe,  while  others 
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Fig.  5  Arrest  Toughness  Charpy  -  V  Energy) 
As  a  Function  of  Hoop  Stress  for  Five 
Different  Prediction  Methods 
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are  purely  statistically-based.  Though  the 
latter  may  be  adequate  for  predicting  the 
behaviour  of  many  pipelines  transmitting  nearly 
pure  methane,  only  those  models  which 
explicitly  consider  gas  behaviour  can  be  used 
for  more  complex  natural  gas  mixtures  or 
for  CO2. 

As  the  example  in  Figure  5  shows,  a  wide 
range  of  alternative  approaches  yield  similar 
results  at  relatively  low  hoop  stress. 
Significant  divergences  begin  to  be  observed  as 
hoop  stress  increases.  It  is  noteworthy  that, 
at  least  up  to  the  stress  levels  shown 
(approximately  corresponding  to  Grade  483  {X70) 
pipe  operating  at  80%  SMYS  or  Grade  550  {X80) 
at  Ti%  SMYS)  the  Battel le  "long-form"  model^ 
provides  the  most  conservative  predictions. 

The  model  is  a  useful  one  to  consider  in 
some  detail,  since  it  is  simple  enough  to  allow 
the  logical  structure  to  be  followed  quite 
readily  but  complete  enough  to  allow  certain 
complexities,  particularly  in  terms  of  gas 
composition,  to  be  addressed.  In  addition,  the 
basic  equations,  while  including  some  empirical 
factors  and  simplifications,  are  strongly  based 
on  the  physical  phenomena  involved.  The  model 
essentially  depends  on  three  relationships. 
First,  a  "fracture  arrest  stress"  (and 
corresponding  pressure)  is  calculated,  based  on 
the  material  flow  stress,  pipe  geometry  and 
tough;. ess.  Initially,  Charpy  shelf  energy  was 
used  as  the  measure  of  toughness,  but  obviously 
the  model  can  accommodate  other  approaches,  as 
will  be  discussed  later.  Second,  the  variation 
of  fracture  velocity  with  the  ratio  between 
crack-tip  pressure  and  arrest  pressure  is 
developed.  Finally,  the  variation  of  crack-tip 
pressure  as  a  function  of  initial  pressure  and 
the  appropriate  expansion  wave  velocity  is 
determined.  For  gases  which  closely 
approximate  perfect  gas  behaviour  such  as  pure 
methane  under  typical  transmission  pipeline 
conditions,  theoretical  equations  predict  very 
closely  the  observed  decompression  behaviour. 
Generally  speaking,  as  the  proportion  of  higher 
hydrocarbons  increases,  and  at  higher  pressures 
and  lower  temperatures,  decompression  behaviour 
deviates  progressively  from  perfect  gas 
behaviour.  Various  computer-based  models  exist 
which  allow  the  accurate  prediction  of  the 
behaviour  of  "rich"  gases.  Because  of  the 
particular  decompression  behaviour  of  CO^  from 
the  supercritical  range,  it  must  be  treated 
separately,  and  this  is  discussed  below. 

Tfie  way  in  which  the  interaction  between 
gas  decompression  and  fracture  is  handled  is 
most  easily  understood  by  means  of  the 


PRESSURE 


Fig.  6  Effect  of  Initial  Pressure  and  Rich  Gas 
on  Fracture  Arrest  Toughness  According 
to  Battelle  Model  -  Schematic 

graphical  presentation  shown  schematically  in 
Figure  6,  in  which  curves  expressing  the 
variation  of  fracture  velocity  and 
pressure-wave  velocity  with  pressure  level 
appear.  As  fracture  first  begins  to  propagate, 
decompression  wave  velocity  is  higher  than 
fracture  velocity,  ana  the  crack-tip  pressure 
progressively  falls  as  the  decompression  front 
runs  ahead  of  the  fracture.  However,  if  an 
intersection  occurs  between  the  decompression 
velocity  curve  and  the  appropriate  fracture 
velocity  curve,  the  related  pressure  level  and 
the  fracture  will  ultimately  travel  at  the  same 
speed,  and  the  fracture  would  theoretically 
propagate  indefinitely  at  that  speed.  If,  on 
the  other  hand,  no  intersection  exists,  the 
crack-tip  pressure  will  fall  below  the  arrest 
pressure,  and  no  further  propagation  can  occur. 
The  dividing  line  between  propagation  and 
arrest  is  thus  represented  by  tangency  between 
the  two  types  of  curve,  and  the  "arrest 
toughness"  is  determined  accordingly.  In 
reality,  as  can  be  readily  understood,  the 
process  of  pressure  decay  takes  a  finite  time, 
during  which  the  fracture  continues  to 
propagate,  so  i.hat  the  effective  arrest 
toughness  is  a  function  of  the  desired  arrest 
length.  Maxoy  found  empirically  that  a 
distance  of  around  10  m  (33  ft)  was  necessary 
to  arrest  a  fracture  at  the  theoretical  arrest 
toughness'^.  Greater  distances  may  be  needed 
close  to  the  origin,  or  where  very  large 
changes  in  toughness  occur  from  pipe  to  pipe. 

Figure  6  also  illustrates  the  effect  of 
increasing  gas  pressure  on  the  predicted 
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Grade  483 

(X70) 

Grade  550  (X80) 

Pressure,  kPa  (ps 

ig) 

7446 

(1080) 

7446 

8687 

(1260) 

9928 

(1440) 

7446 

8687 

9928 

Temperature ,  °C  ( 

20 

(68) 

4  (39) 

4 

4 

4 

4 

4 

Diameter,  NPS 

36 

155 

(114) 

42 

170 

(125) 

210  (155) 

48 

155 

(114) 

190 

(140) 

185  (136) 

56 

150 

(111) 

160  (118) 

170 

(125) 

190 

(140) 

toughness  required  for  arrest;  a  higher  initial 
pressure  leads  to  higher  crack-tip  pressures  at 
any  fracture  velocity,  and  hence  to  higher 
arrest  toughness.  The  effect  of  rich  gas  is 
also  indicated;  at  some  stage  of  the 
decompression  process,  the  phase  boundary  is 
intersected,  liquid  dropout  occurs,  and  a 
constant  pressure  region  is  encountered  in  the 
decompression  curve.  As  mentioned  above,  this 
effect  is  intensified  by  high  initial  pressures 
and  low  initial  temperatures,  and  usually 
results  in  increased  toughness  requirements  for 
fracture  arrest,  as  is  indicated  in  Figure  6. 

It  should  also  be  noted  that,  other  design 
factors  being  equal,  the  arrest  pressure  {the 
intercept  of  the  fracture  velocity  curve  on  the 
pressure  axis)  decreases  with  decreasing 
thickness.  Using  higher  strength  materials  at 
a  constant  design  factor,  while  usually 
attractive  from  an  economic  point  of  view,  thus 
demands  increased  toughness.  The  quantitative 
effect  of  some  of  these  variables,  as  well  as 
that  of  increasing  diameter,  can  be  illustrated 
by  reference  to  the  above  table,  which  gives 
arrest  toughness  in  joules  (ft-lbs)  for  a 
typical,  rich  gas  composition  and  for  a 
constant,  80%  design  factor. 

An  additional  observation  which  may  be 
made  is  that  the  Charpy  requirements  predicted 
are  extremely  high  for  all  of  these  designs. 

An  ex*  nsive  program  of  full-scale  burst  tests 
carried  out  in  Canada  revealed  that  the 
practical  situation  is  even  more  severe,  as 
Figure  7  indicates^^.  It  was  found  that  actual 
arrest  toughness  values  were  some  30%  higher 
than  the  predictions  of  the  Battelle  model 
which,  at  the  time  these  tests  were  conducted, 
was  the  most  conservative  of  the  existing 
approaches.  Burst  tests  carried  out  elsewhere 
on  materials  up  to  Grade  550.  and  at  pressures 
up  to  18  000  kPa  (1:610  psig)^^,  have  confirmed 
this  general  trend,  and  have  called  into 
question  the  ability  of  a  single,  small-scale 
notched  bend  test,  such  as  the  Charpy  test, 
adequately  to  reflect  the  fracture  resistance 
of  large-diameter  pipes  which,  today,  may  be 
produced  in  many  different  ways. 


As  a  result  of  the  above  difficulties, 
considerable  efforts  have  been  made,  and  are 
still  continuing,  aimed  at  identifying 
mechanical  tests  which  are  representative  of 
the  true  fracture  resistance  of  a  complete 
range  of  pipeline  materials,  and  at  developing 
models  which  give  a  more  complete 
representation  of  fracture  behaviour.  An  ideal 
fracture  propagation  model  would  allow  the 
prediction  of  fracture  velocity,  point  by 
point,  for  any  propagation  event.  The  High 
Strength  Line  Pipe  Research  Committee  of  the 
Iron  and  Steel  Institute  of  Japan  has  developed 
a  methodology  which  aims  at  achieving  this 
result^^.  The  form  of  the  three  fundamental 
equations  is  essentially  the  same  as  in  the 
Battelle  approach,  but  the  constants  were 
redetermined  by  regression  on  data  from  a 
series  of  burst  tests  on  NPS  48,  18.3  mm 
(.72:  in)  WT,  Gr.  483  {X70)  pipe.  The  primary 
measure  of  fracture  resistance  adopted  was  the 
energy  absorbed  in  the  statical ly-precrackeo 
drop-weight  tear  test  (DWTT).  For  the  most 
part,  the  method  was  quite  successful  in 
reproducing  the  point-by-point  fracture 
propagation  behaviour  of  the  tests  from  which 
the  coefficients  were  determined.  It  remains 
to  be  demonstrated  that  this  approach  can  be 
extended  to  a  wider  range  of  test  conditions. 

A  similar  approach  can  be  pursued  using 
the  original  Battelle  equations,  which  have 
been  extremely  successful  in  describing 
fracture  velocity  and  discriminating  between 
arrest  and  propagation  under  "conventional" 
pipeline  conditions  similar  to  those  for  which 
they  were  developed.  Figure  8  shows  an  example 
from  the  Canadian  tests,  involving  a  NPS  56, 
13.7  mm  (.54  in)  WT,  Gr.  483  {X70)  test 
section.  Though  the  gas  was  rich,  test 
conditions  were  such  (7446  kPa  (1080  psig), 

19°C  (66°F))  that  there  was  no  significant 
discontinuity  in  its  decompression  behaviour. 
Two  observations  are  apparent.  First,  Charpy 
shelf  energy  seriously  underpredicts  fracture 
velocity,  while  the  relationship  between 
predicted  and  observed  fracture  length  is 
inconsistent.  In  addition,  this  method  allows 


102 


ACTUAL  TOUGHNESS.  J 


Fig.  7  Comparison  of  Observed  and  Predicteo 
Burst  Test  Results;  NPS  48  and  56, 
Gr.  483  Containing  Rich  Gas  at 
Pressures  up  to  8687  kPa 


Fig.  8  Fracture  Velocity  Predictions  Based 
on  PCDWTT  and  Charpy  Energy  Using  the 
Battel le  Model 


continued  propagation  at  velocities 
significantly  below  about  80  m/s  (250  ft/s), 
which  is  not  observed  in  practice  in  on-land 
tests  of  this  type.  On  the  other  hand,  the  use 
of  precracked  DWTT  energy  overpredicts  fracture 
velocity,  and  no  fracture  arrest  is  predicted. 
This  example  is  illustrative  of  the  difficulty 
of  extending  the  use  of  a  model  outside  the 
range  for  which  it  was  developed. 

In  reality,  it  may  be  that  the  search  for 
a  single,  simple  notch-bend  test  which  will 
represent  the  material's  response  to  the 
fracture  event  for  all  geometries,  steel  types 
and  levels  of  driving  force  is  doomed  to 
failure.  Much  of  the  research  effort  in  this 
area  has  centered  around  the  idea  that  fracture 
surface  separations,  typical  of  many  high 
strength  line  pipe  steels,  account  in  ccme  way 
for  the  inability  of  the  Charpy  test  to  predict 
fracture  behaviour,  and  that  links  can  be  found 
between  appearance  of  these  separations  and 
specific  skelp  production  techniques.  On  the 
other  hand,  DWTT  developments  have  concentrated 
on  the  hypothesis  of  "excess  initiation  energy" 
in  ostensibly  high  toughness  steels,  and  on 
devising  methods  to  eliminate  it.  The 
precracked  DWTT  is  one  example  of  this  effort, 
though  it  has  not  gained  widespread  popularity 
as  a  result  of  difficulties  of  standardization. 
While  this  work  may  well  prove  to  be  valuable, 
it  now  seems  apparent  that  the  only  approaches 
offering  some  hope  of  a  universal  understanding 
of  fracture  propagation  and  arrest  are  those 
which  involve  a  detailed  consideration  of  the 
deformation  processes  which  accompany  fracture, 
and  the  way  in  which  they  relate  to  measurable 
material  properties.  At  the  least,  the  way  in 
which  the  material  responds  to  the  opening  of 
the  "flaps"  behind  the  fracture  front, 
directing  a  zone  of  intense  plastic  deformation 
to  the  area  immediately  ahead  of  the  crack  tip, 
and  the  way  in  which  the  final,  local  necking 
and  separation  take  place  in  this  zone,  need  to 
be  explicitly  considered.  It  should  certainly 
be  no  surprise  that  these  two  phenomena  may 
vary  in  different  ways  with  material 
characteristics  and  geometry,  and  that  a 
single,  simple  test  may  not  be  adequate  to 
represent  both  aspects  of  the  material 
response.  Work  is  continuing  in  a  number  of 
laboratories  aimed  at  resolving  some  of  these 
issues. 

Despite  the  difficulties  enumerated  above, 
it  is  still  often  possible  to  define,  for 
specific  project  conditions,  some  value  of  a 
material  property  or  properties  which  will  give 
a  very  high  probability  of  arrest  (which  we 
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shall  continue  to  refer  to  as  "arrest 
toughness").  It  may  not  be  logical,  however, 
for  demanding  designs,  to  take  this  value  as  a 
specification  minimum.  It  is  generally  more 
appropriate,  in  the  context  of  an  overall 
analysis  of  risk  and  economics,  to  decide  what 
is  an  appropriate  maximum  length  for  fracture, 
at  an  appropriate  level  of  probability.  This 
maximum  length  may  be  quite  short,  for  a 
pipeline  which  traverses  regions  of  high 
population  density,  or  longer  (but  possibly, 
for  logistic  reasons,  at  a  higher  probability 
level)  for  pipelines  in  remote  areas. 

Extensive  Monte  Carlo  simulations  have  been 
used  to  determine  what  fraction  of  "arrest 
pipe"  is  needed  as  a  function  of  maximum 
fracture  length,  but  relatively  simple 
closed-form  statistical  calculations  are  also 
effective^.  Figure  9  shows  this  relationship 
for  a  number  of  probability  levels;  it  is  clear 
that,  if  maximum  fracture  lengths  of  several 
hundred  metres  can  be  tolerated,  a  relatively 
low  percentage  of  "arrest  pipe"  is  needed.  If, 
oti  the  other  hand,  fracture  must  be  contained 
within  a  few  pipe  joints,  very  few  "propagate 
pipes"  can  be  accepted.  Specifications  and 
mill  inspection  schemes  can  be  devised  on  a 
statistical  basis  to  meet  these  requirements  in 
a  reliable  and  economical  manner. 


Fig.  9  Relationship  Between  Propagation  Length 
and  Percentage  of  Arrest  Pipe  in  the 
Pipeline 


FRACTURE  ARREST  IN  CO^  PIPELINES  -  The 
analysis  of  fracture  arrest  requirements  in  CO2 
pipelines  is  simpler  than  in  natural  gas 
pipelines  but,  unfortunately,  for  typical 
operating  conditions  their  achievement  is  more 
difficult.  CO2  pipelines  are  generally 


designed,  for  economic  and  operational  reasons, 
to  operate  in  the  high  pressure,  supercritical 
range.  The  operating  point  shown  in  the 
pressure-enthc Ipy  diagram  of  Figure  10 
represents  the  maximum  pressure  and  temperature 
for  a  typical  design;  unlike  rich  natural  gas, 
CO2  presents  increasingly  severe  fracture 
arrest  conditions  as  the  temperature  increases. 
On  initiation  of  rupture,  decompression  will 
take  place  along  a  line  of  constant  entropy 
until  the  phase  boundary  is  encountered,  as 
shown.  Pressure  then  remains  essentially 
constant  at  the  saturation  pressure,  (about 
7000  kPa  [1000  psi]  in  the  current  case), 
throughout  the  subsequent  fracture  event.  This 
theoretical  behaviour  has  been  confirmed  by 
experimental  determinations  of  CO2 
decompression  behaviour  from  typical  pipeline 
conditions. 


20000  -(  0°C  20“C  40°C  60“C 


ENTHALPY,  MJ/kg  mole 


Fig.  10  Pressure  -  Enthalpy  Diagram  for 
Pure  CO2 

Since  the  fracture  propagation  phenomenon 
takes  place  essentially  at  constant  pressure, 
it  follows  that,  in  order  for  arrest  to  occur, 
the  arrest  pressure  determined  by  the  pipe 
geometry,  flow  stress  and  toughness  must  be 
higher  than  the  saturation  pressure.  As 
Figure  11  illustrates,  using  the  Battelle 
equation  for  arrest  stress,  this  may  be 
difficult  to  accoiiiplish.  The  case  examined  is 
that  of  an  NPS  16  CO2  pipeline  operating  at 
Tl%  SMYS;  initial  conditions  were  14  031  kPa 
(2035  psi)  and  40°C  (104°F),  as  in  Figure  10. 
Saturation  pressure  on  isentropic  decompression 
is  thus  about  7000  kPa  (1000  psi);  an  arrest 
pressure  corresponding  to  this  level  cannot  be 
achieved  at  any  toughness  level  in  Gr.  414 
(X60)  pipe.  Only  by  increasing  the  wall 
thickness  can  arrest  pressures  over  7  000  kPa 
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Fig.  11  Arrest  Pressure  as  a  Function  of 
Charpy  Energy  for  a  Supercritical 
CO2  Pipeline 

be  achieved  ana  then,  except  at  the  lowest 
strength  levels,  only  at  relatively  high  Charpy 
toughness.  It  will  thus  often  be  preferable, 
from  an  economic  point  of  view,  to  use  an 
alternative  approach  to  fracture  control, 
involving  crack-arrestors:  these  will  be 
discussed  in  the  following  section. 

CRACK-ARRESTOR  DESIGN  -  As  a  result  of  the 
extremely  high  fracture  resistance  predicted  to 
ensure  arrest  in  advanced,  high  pressure 
natural  gas  pipelines  and  in  supercritical  CO2 
pipelines,  as  well  as  of  the  conceptual 
difficulties  involved  even  in  specifying  and 
measuring  the  required  properties,  a  good  deal 
of  attention  has  been  devoted  to  the  design  of 
independent  crack-arrestors.  Various  types  of 
arrestor  have  been  installed  on  a  number  of 
high  pressure  natural  gas  lines,  as  well  as  on 


CO2  lines.  Specific  types  studied  (not  all  of 
which  have  been  applied)  include  "in-line" 
arrestors  having  heavier  walls,  higher 
toughness,  or  both,  loose  and  grouted  steel 
sleeves,  multi-layer  pipe,  steel  wire  cables, 
and  glass-reinforced  composite  sleeves^^.  A 
concept  currently  under  development  for  the  Gas 
Research  Institute  in  the  U.S.A.  is  the 
glass-reinforced  composite  "clock-spring" 
arrestor  which  can  be  wound  otito  the  pipe 
without  requiring  a  loose  end,  and  is  thus  both 
inexpensive  and  easy  to  install Burst  tests 
on  pipe  up  to  NPS  30,  with  high  crack-driving 
force  provided  by  gas  mixtures  containing  a 
large  proportion  of  CO2,  have  demonstrated  its 
effectiveness. 

The  most  comprehensive  study  of  the  design 
principles  for  sleeve-type  arrestors  was 
carried  out  by  Wilkowski  et  al.  for  the  AGA^^. 
The  necessary  arrestor  length,  as  a  function  of 
pipe  diameter,  is  linearly  related  to  the 
velocity  of  the  incoming  fracture,  which  can  be 
estimated  from  diagrams  similar  to  that  shown 
in  Figure  6;  the  slope  of  this  relationship 
depends  on  radial  clearance.  Grouted  sleeves 
were  found  to  behave  as  if  they  had  a  radial 
clearance  of  1.9%;  clock-spring  arrestors  so 
far  appear  to  perform  similarly  to  steel 
sleeves  with  a  clearance  in  the  range 
3.5  -  4.3%.  Figure  12  shows  the  slope  of  the 
arrest/propagate  boundary  as  a  function  of 
radial  clearance;  the  required  ratio  of 
arrestor  length  to  pipe  diameter  (L/D  in 
Figure  12)  can  thus  be  determined.  Tins 
analysis  is  on  sound  theoretical  ground,  since 
L/D  and  radial  clearance  together  determine  the 


Fig.  12  Slope  of  the  Arrest/Propagate  Boundary 
as  a  Function  of  Radial  Clearance  for 
Sleeve  Arrestors  (After  Wilkowski) 


105 


maximum  crack  opening  angle;  the  latter 
parameter  has  been  increasingly  seen  as  a 
fundamental  reflection  of  fracture  resistance 
which  may  be  particularly  useful  for  pipelines. 

Arrestor  thickness  has  been  determined 
simply  by  ensuring  that  it  provides  the  same 
Ultimate  load  as  the  equivalent  length  of  pipe 
wall.  This  may  be  difficult  to  justify 
theoretically,  but  has  been  validated  by 
numerous  model-  and  full-scale  tests  on 
different  arrestor  designs. 

ECONOMIC  ANALYSIS  -  While  the  choice  of 
economic  factors  as  the  primary  determinant  of 
a  desired  maximum  fracture  length  may,  at  first 
sight,  appear  inappropriate,  this  often 
provides  the  only  logical  basis  for  the 
selection  of  mitigative  procedures.  Once  a 
rupture  has  occurred,  gas  will  be  lost,  service 
may  be  interrupted,  a  safety  hazard  may  have 
been  created  and  replacement  pipe  will  have  to 
be  installed.  All  these  factors  are 
consequences  of  the  initiation  event  itself; 
what  remains  is  a  consioeration  of  whether,  and 
in  what  way,  their  impact  is  related  to 
fracture  length,  whether  any  additional  hazards 
are  introduced  as  fracture  length  increases  and 
what  is  the  most  effective  way  of  ensuring  that 
the  cost  of  long  fractures  is  minimized.  In 
order  to  carry  out  an  economic  analysis  of  this 
type,  many  assumptions  are  necessary.  First, 
any  rupture  event  will  lead  to  a  fixed  cost 
component,  which  is  related  to  the  mobilization 
and  labour  costs  of  a  repair  crew  and  the  cost 
of  a  minimum  length  of  replacement  pipe. 
Similarly,  it  is  assumed  that  any  rupture  will 
lead  to  a  certain  minimum  outage  time,  with 
additional  outage  time  related  to  incremental 
length.  For  the  purposes  of  an  illustrative 
calculation,  a  minimum  replacement  length  of 
75  m  (250  ft)  ana  a  minimum  outage  time  of 
3  days,  with  repair  rates  for  incremental 
lengths  of  200  m/day  (650  ft/day),  have  been 
used.  A  rupture  frequency  of  1/10^  km/yr 
(1/6200  miles/yr)  and  a  design  life  of  20  years 
represent  other  important  input  parameters. 

The  system  considered  involves  2167  km 
(1350  miles)  of  NFS  48  and  56  pipe;  the  tariff 
regime  is  such  that  an  abatement  to  shippers  of 
$3.5  X  10^/day  would  be  applicable  for  outages 
exceeding  3  days.  The  latter  figure  has  a  very 
large  effect  on  costs  and  on  optimum  fracture 
lengths,  and  will  vary  greatly  from  project  to 
project.  In  addition,  it  has  been  assumed  that 
an  arrest  toughness  can  be  specified,  and  that 
sufficient  "arrest  pipe"  to  ensure  a  maximum 
fracture  length  of  650  m  (2133  ft)  at  a  0.95 
probaPility  can  be  obtained  without  incremental 


cost,  while  additional  arrest  pipe  would  carry 
a  10%  cost  premium.  Installed  cost  of 
arrestors  was  taken  as  $2000  each.  Figure  13 
shows  the  results  of  the  analysis.  With  the 
given  assumptions,  it  can  be  seen  that  the 
optimum  solution  is  to  rely  on  pipe  toughness, 
at  an  estimated  total  incremental  cost  of  some 
$66  X  10^  and  a  maximum  fracture  length  of 
250  m  (820  ft). 


Fig. 13  Incremental  Cost  of  Fractures  Exceeding 
75  m  in  Length  Over  the  Lifetime  of  a 
Hypothetical  Long-Distance  Pipeline 

Clearly,  higher  incremental  pipe  costs  or 
lower  arrestor  costs  could  chatige  the  relative 
merits  of  tiie  two  approaches.  Fimilarly,  if 
the  probability  of  containing  fracture  within 
the  specified  length  must  be  greater  than  0.95, 
additional  arrest  pipe  will  be  needed  and 
again,  crack  arrestors  may  be  favoured.  The 
fundamental  assumptions  behind  such  an  analysis 
are  so  many,  and  their  influence  so  great,  that 
no  general  inferences  should  be  drawn  from  the 
example  shown.  In  particular,  the  tariff  costs 
are  dominant  in  the  present  case,  and  tend  to 
force  the  optimum  towards  relatively  short 
lengths.  Nevertheless,  such  examples  can  be 
useful  in  illustrating  the  logical  framework 
within  which  the  preferred  approach  to  the 
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limitation  of  fracture  length  can  be 
determined. 


ANALYSIS  OF  RISK 

The  analysis  of  risk  has  increasingly 
become  a  formalized  process  over  the  last 
twenty  years,  and  has  addressed  both  individual 
and  societal  risk  as  well  as  financial  risk 
associated  with  gas  transmission  pipelines. 

The  British  Gas  Corporation,  mainly  as  a  result 
of  very  specific  legislative  requirements,  has 
carried  out  one  of  the  most  thorough  analyses 
of  individual  and  societal  risk,  and  has 
concluded  that  the  levels  of  risk  associated 
with  the  BGC  transmission  system  are  very  low 
relative  to  other  common  sources^®.  In 
particular,  they  are  one  or  more  orders  of 
magnitude  lower  than  the  societal  risks 
associated  with  most  other  forms  of 
transportation,  and  also  an  order  of  magnitude 
lower  than  standards  proposed  in  the  U.K.  for 
chemical  process  plants. 

One  of  the  techniques  of  risk  analysis 
which  appears  to  have  oirect  application  in  the 
development  of  fracture  control  strategies  and 
pipeline  integrity  studies  is  fault-tree 
analysis^^.  This  approach  breaks  down  the 
cause  of  a  given  "top  event"  (e.g.,  a  specific 
system  failure)  through  a  number  of  logical 
"and"  or  "or"  gates.  Frequencies  and 
probabilities  can  be  assigned  to  the  various 
subresultant  and  basic  events  and  combined 
through  the  different  logic  gates  by  simple 
probability  calculations.  For  the  evaluation 
of  very  complex  fault-trees,  extensive  computer 
software  packages  have  been  developed,  but 
simple  fault-trees  are  readily  evaluated  by 
hand.  One  of  the  most  promising  applications 
in  the  field  of  fracture  control  appears  to  be 
in  the  analysis  of  the  sensitivity  of  specific 
failure  events  to  a  ratige  of  causal  factors. 
Figure  14  illustrates  part  of  a  fault  tree 
which  could  be  used  to  determine  the  expected 
frequency  of  a  specific,  undesired  failure 
event  (fractures  longer  than  L  metres)  as  a 
function  of  all  the  possible  causal  factors. 

The  evaluation  of  such  fault-trees  can  be 
extremely  helpful  in  determining  the  relative 
value  of  mitigative  practices  aimed  at 
individual  causal  factors;  in  addition,  in  the 
present  case,  it  may  be  useful  in  defining  the 
appropriate  probability  level  at  which  to  enter 
diagrams  such  as  that  in  Figure  9.  One 
difficulty  associated  with  the  use  of  such 
techniques  is  the  determination  of  appropriate 
input  values.  While  unreliability  and 


Fig.  14  Partial  Fault-tree  Illustrating  a 
Possible  Approach  to  Assessing 
Sensitivity  of  a  Given  Failure  Event 
to  Causal  Factors 

unavailability  statistics  are  available  for  a 
surprising  range  of  equipment  used  in  the  oil 
and  gas  industry,  failure  statistics  for 
pipelines  are  in  general  drawn  from  populations 
which  are  highly  heterogeneous  both 
geographically  and  in  time  (and  hence,  in 
technology).  As  an  example,  corrosion  failure 
frequencies  heavily  biased  by  statistics  for 
uncoated  or  inadequately  coated  lines,  or  lines 
without  CP,  would  be  an  inappropriate  input  for 
a  modern  pipeline  using  a  high  integrity 
coating  and  wel 1 -designed  CP.  Conversely, 
because  technology  development  is  a  continuing 
process,  the  failure  statistics  for  systems 
typical  of  current  design  practice  are 
(happily)  limited.  A  good  deal  of  judgement  is 
therefore  required  in  order  to  achieve  useful 
results  at  the  design  stage.  Past  experience 
may  be  much  more  applicable,  on  the  other  hand, 
to  the  integrity  assessment  and  rehabilitation 
of  existing  systems. 


107 


1 


CONCLUSIONS 

Comprehensive  fracture  control  plans  for 
major,  high  pressure  pipelines  involve  a 
consideration  of  the  most  prevalent  causes  of 
failure  as  well  as  of  the  means  of  restricting 
the  length  of  any  rupture  which  is  initiated. 
Methods  are  available  to  determine  suitable 
values  of  material  toughness  to  minimize  the 
incidence  of  ruptures;  the  required  toughness 
increases  significantly  with  increasing 
pressure  and  pipe  diameter.  Mechanical  damage 
is  an  important  source  of  failure  whose 
mitigation  may  dictate  further  increases  in 
toughness.  For  a  number  of  other  important 
failure  mechanisms,  the  only  practical  approach 
is  an  emphasis  on  high  integrity  coating  and  on 
attentive  inspection  at  all  stages  of 
construction.  The  length  of  any  ruptures  which 
aie  initiated  can  be  restricted,  in  principle, 
either  by  the  specification  of  aporopriat» 
material  toughness  or  by  the  use  of  independent 
crack  arrestors.  The  specification  of  arrest 
toughness  on  the  basis  of  existing  models  may 
be  difficult  for  large-diameter,  high-strength 
pipelines  operating  at  high  pressures  and  for 
pipelines  containing  rich  gas  or  CO2;  for  such 
systems,  the  use  of  optimally-designed 
crack-arrestors  may  represent  the  only  viable 
option.  A  number  of  statistical,  economic  and 
risk  analysis  techniques  can  be  used  to 
advantage  to  determine  the  most  appropriate 
approach  for  the  mitigation  of  the  consequences 
of  ruptures  in  the  oesign  of  new  pipelines,  and 
for  the  planning  of  integrity  assessment  and 
rehabilitation  programs  on  existing  systems. 
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OF  HSLA  LINE  PIPE  STEELS 
IN  DEVELOPING  COUNTRIES 
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ABSTRACT 

Development  and  large  scale  production  of 
traditional  high  grade  line  pipe  steels  have 
recently  been  established  in  a  group  of 
developing  countries  that  have  had  investments 
on  modernization  and  expansion  of  their  steel 
industry.  The  present  paper  summarizes  the 
developments  which  have  occurred  in  those 
countries,  specially  in  Brazil,  in  the  subject 
area  of  HSLA  steels  for  submerged  arc  welded  - 
SAW  pipes.  As  the  development  of  line  pipe 
steels  is  very  related  to  the  development 
stage  of  the  steel  industry  considerations  are 
also  made  about  some  of  the  equipments 
available  in  the  steel  mills. 


THE  APPLICATION  OF  MICROALLOYINC.  in  large 
industrial  scale  dates  back  to  the  late  fifties 
(1)  but  it  was  during  the  seventies  that  the 
technology  of  microalloying  became  a  reality  in 
a  wide  number  of  steel  products.  As  shown  in 
figure  1  (2)  the  highest  rates  of  development 
of  microalloying  technology  occurred  between 
1970  and  1980.  During  that  period  accurate 
controlled  rolling  practices  were  established 
in  steel  mills  located  in  developed  countries 
with  tradition  in  the  steel  industry,  specially 
Japan,  West  Germany,  Italy  and  France. 

In  very  simple  terms,  microalloying  combined 
with  controlled  rolling,  or  controlled 
thermomcchanl cal  processing,  is  the  necessary 
condition  for  the  production  of  high  grade  line 
pipe  steels.  Thus,  and  as  a  natural 
consequence,  large  scale  production  of  line 
pipe  steels  has  been  concentrated  on  those 
developed  countries,  where  the  industrial 
technology  was  developed  and  where  investments 
were  made  to  allow  production  of  clean  steels 
and  processing  under  very  high  separating 


forces  during  rolUnp.  During  tha  eighties  the 
line  pipe  steel  product  area  has  experienced  a 
period  of  metallurgical  sophistication  and 
super  tough  grades  up  to  X80  strength  level  are 
produced  from  steels  containing  very  low  levels 
of  almost  everything  (C,  P,  S,  and  N) .  This 
achievement  is  mainly  related  to  sophistication 
during  production  of  liquid  steel 
(developments  in  hot  metal  treatment,  combined 
blowing,  secondary  refining  -  RHOB)  and,  to  a 
certain  extent,  introduction  of  accelerated 
cooling  of  plates. 


Figure  1-  First  Microalloying  (HSLA)  Life  Cycle 

Until  recently,  developing  countries,  or  new 
Industrialized  countries  -  NIC,  could  not  be 


quoted  among  producers  of  good  quality  line 
pipe  steels.  The  situation  however  is  changing 
as  some  developing  countries  have  been  making 
large  investments  to  expand  and  modernize  their 
steel  industry.  Availability  of  raw  material, 
low  labor  cost,  well  equipped  steel  mills, 
foreign  technical  assistance  and  well  qualified 
personnel  are  conditions  that  have  lead  some 
developing  areas  to  the  position  of  competitive 
producers  of  line  pipe  microalloyed  grades. 
Steel  grades  are  still  limited  to  conventional 
ferrite  pearlite  type  but  it  can  be  expected 
that  in  the  near  future,  as  steel  plant 
modernization  continues,  developing  countries 
will  also  be  producing  the  sophisticated  "low 
everything"  steels.  Developing  countries  with 
larger  potential  in  the  microalloyed  line  pipe 
steels  product  area  are  Brazil,  South  Korea, 
Mexico  and  Taiwan.  Venezuela,  Argentina,  China 
and  a  few  others  will  certainly  Join  the  group 
of  high  grade  line  pipe  producers  in  a  not  too 
distant  future. 

IS  THE  WORLD  STARTING  TO  HAVE  A  CHANGE  IN  THE 
GEOGRAPHY  OF  STEELIUKING? 

Large  tonnage  steel  making  has  for  a  long  time 
been  a  tradition  of  a  group  of  developed 
countries,  specially  I'SA,  Japan  and  West 
(Jermany.  I'RSS  has  maintained  its  position  of 
tiie  largest  world  steel  producer.  However,  it 
is  also  the  largest  importing  country  for  tiigh 
grade  line  pipe  steels.  As  figure  2  shows  there 
is  a  tendency  towards  decrease  in  steel 
production  in  important  traditional  steelmaking 
areas  (3,4).  Those  areas,  have  reached  a  tiigh 
level  of  economic  growth  an<l  intensive 
infrastructure  building  is  something  of  tlie 
past,  which  is  equivalent  to  a  decrease  in  the 
need  for  steel.  High  labor  cost  and  strict 
regulations  on  pollution  control  are  also 
inhibiting  factors  for  expansion  of  steel 
production  in  developed  countries. 

Developing  countries,  on  the  other  hand,  have 
growing  needs  for  steel.  Labor  cost  is  low  and, 
in  some  cases,  there  is  large  availability  of 
raw  materials.  Brazil,  for  instance,  has  one  of 
the  lowest  production  cost  of  steel  in  ttie 
world,  figure  3  (5).  As  a  result,  a  group  of 
developing  countries  is  becoming  important 
steel  producer,  figure  4  (3,4).  It  can  be 
expected  that  these  countries  will  give 
continuation  to  the  expansion  in  their  steel 
industry,  although  many  of  them  have  at  present 
serious  economical  problems,  significantly 
affecting  the  geography  of  steelmaking. 
Kara  I  lei  to  the  increase  in  steel  production 
capacity  intensive  modernization  of  existing 
steel  works  as  well  as  construction  of  new 
plants  with  recent  technology  have  occurred 
generating  the  necessary  conditions  for  the 
production  of  microalloyed  line  pipe  steels. 


Figure  2  -  Raw  Steel  Production  by  Traditional 
Large  Steel  I’roducers 


Figure  3  -  Production  Costs  in  Some  Selected 
Countries  Considering  90'  I'tilization  Ratio. 

HSLA  LINE  PIPE  STEELS  IN  DEVEl.Ul’ING  (OTMKIES. 

The  lines  that  follow  briefly  describe  about 
the  development  of  microalloyed  SAW  line  pipe 
steels  in  a  group  of  developing  countries. 
Mention  is  also  made,  in  some  cases,  to  tlie 
stage  of  development  of  the  steel  industrv. 
This  might  be  the  first  document  trying  to 
summarize  the  subject  in  such  a  large 
geographical  area  and  there  is  not  much 
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published  information  available.  Thus,  there 
might  be  unintentional  omission  to  seme 
existing  work. 


Figure  i  -  Raw  Steel  Produrtion  in  n  r.roup  of 
Developing  Countries 

dRA/'.Il,  -  In  the  last  seventeen  years  steel 
production  in  Brazil  increased  from  3.4  mt  to 
JJ.J  mt  in  1987,  and  the  country  is  now  the  7th 
largest  steel  producer  in  the  world.  During  the 
expansion  programmes  the  local  steel  industrv 
was  equipped  with  advanced  and  efficient 
technologies  and  the  country  reached  a  hig'u 
degree  of  competitiveness.  From  the  position  of 
steel  importer  in  the  mid  seventies  Brazil 
evoluted  to  a  large  exporter  of  steel  products 
in  the  eighties,  figure  3  (h).  In  September 
1986  the  objectives  of  the  .’nd  Natfi'nal  Steel 
Flan  were  announced  by  the  government.  That 
plan  establishes  an  increase  in  production 
capacity  from  26  m  tpy,  in  1987,  to  50  m  tpy  in 
the  year  1000.  It  is  to  be  developed  through 
further  expansion  and  mode rn  i za t  i i>n  of  existing 
plants  and  construction  of  new  steel  mills  in 
different  areas  of  the  country.  During  that 
expansion  program  accelerated  cooling  for  plate 
product  is  to  be  incorporated  to  one  or  two 
steel  mills  in  Brazil.  Work  is  alreadv  in 
progress  to  introduce  combined  blowing  in  BOK 
steelmaking  at  I'SIMINAS,  a  large  line  pil’e 
steel  producer  in  Brazil. 

The  steel  companies  in  Brazil  producing  and 
processing  microalloyed  line  pipe  steels  are 
L'sinas  Siderurgicas  de  Minas  Derais  -  USIMINAS, 
Companhia  Siderurglca  Paullsta  -  UOSIl’A  and,  to 
a  lesser  extent,  Companhia  Slderurgica  Nacional 
eSN,  with  present  raw  steel  production 
capacitic'-  of  3.9;  3.5  and  4.6  m  tpy, 

respectively.  Ail  these  companies  operate  hot 
metal  treatment  and  sulphide  shape  control. 


USIMINAS  and  COSIPA  are  equipped  with  vacuum 
degassing  RH  units  and  USIMINAS  has 
electromagnetic  stirring  also.  Plate  mills  are 
located  in  USIMINAS  and  COSIPA  which  have 
powerful,  about  6000  t  separating  force,  4100 
mm  wide  rolling  mills. These  plants  also  have 
facilities  for  heat  treatment  of  plates.  CSN, 
on  the  other  hand,  has  a  modern  7  stand  hot 
strip  mill  with  production  capacity  of  3.2  m 
tpy  and  produces  coils  with  maximum  weight  of 
40  ton.  Additional  information  about  steel 
plant  facilities  and  achievements  in  Brazil  are 
available  in  good  recent  publications  (5,7,8). 


Figure  5  -  Imports  and  Kxports  of  Steel 
I’roduc  t  s 

In  Brazil,  production  of  plates  for  pipes  on  a 
commercial  scale  and  meeting  standard  API  31. X 
was  started  in  1978  by  the  two  steel  iilants 
equipped  with  plate  mills  -  I'SIMINAS  and 
COSIPA.  Stee'  grades  developed  by  th.it  time 
were  X52  and  X6D.  Typical  X6()  grade  .illov 
design  comprised  O.la"  1.24"  Mn ;  D.22"  Si; 

0.010"  P;  0.010."  S;  0.0.)3'  Nh  and  0.033'  V  for 
plates  produced  at  I'SIMINAS  ('M.  Similar  steel 
was  being  produced  oy  COSIPA.  Kxports  I'f  API 
steels  started  in  1^79  wlien  CONFAB  (the 
Brazilian  SAW  pipe  producer)  pri'duced  ' 
thousiiild  tons  of  X32  pipes  for  Mexico.  The 
plates  were  provided  bv  I'SIMINAS. 

The  development  and  pri'duction  iM  tliese  two 
grades  marked  the  beginning  of  the  .ipp  1  1  c.i t  i on 
of  controlled  rolling  practices  in  Brazil. 
These  practices  had  been  ass i m i  1  a t eii  through 
technical  training  and  the  visits  ot  Brazil  i.in 
metallurgists  to  steel  plants  in  .lapan  and 
Europe . 

A1  SO  in  1978,  production  of  microal loved  steels 
by  continuous  casting  started.  I'SIMINAS,  after 
having  cemducted  extensive  studies  of  tlie 
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quality  of  continuously  cast  steel  (10-11), 
produced  since  1976,  started  casting  a  vanadium 
microalloyed  structural  grade  -  SAR  50  (12). 
The  experience  gained  in  these  studies, and 
by  being  alert  to  the  necessary  measures 
recommended  for  continuous  casting  of 
microalloyed  steels,  resulted  in  good  quality 
indices  for  SAR  50  continuously  cast  slab.  At 
about  the  same  time  production  of  X52  and  X60 
grades  by  continuous  casting  was  initiated 
(13),  and  this  also  maintained  good  quality 
indices.  In  addition  to  the  application  of 
controlled  rolling  and  continuous  casting  to 
microalloyed  API  steels  in  1978,  an  important 
point  was  the  success  of  efforts  in  the 
direction  of  low  sulfur  steels.  Although 
0.010%S  is  the  typical  figure  mentioned  above 
for  X6U  steel  sulfur  contents  of  0.0057- 
0.0087  were  being  obtained  by  USIMINAS  and 
COSIPA  (13-14). 

During  subsequent  years,  production  of  API 
steels  at  USIMINAS  and  COSIPA  increased 
substantially.  Considering  that  API  steel  is 
one  major  consumer  of  microalloys  in  the 
product  mix  of  USIMINAS,  Che  above  statement 
can  he  illustrated  by  figure  6  where  the 
evolution  of  special  ferroalloy-  consumption 
during  the  period  1978  -  1986  is  shown 
(,  9  ,  1  5)  .  Contemporaneously  with  the  increase  in 
production,  quality  improvement  occurred  with 
the  installation  of  units  for  sulfide  shape 
control  at  USIMINAS  and  COSIPA.  The  ladle 
injection  system  at  COSIPA  began  operation  in 
1980.  That  system  was  developed  by  (COSIPA  and  a 
local  research  institute.  At  present,  two  of 
those  units  are  in  operation  at  COSIPA. 


figure  6  -  Hvolution  of  Special  Perroal  loy.-. 
Consumption  at  USIMINAS  ( I'eNb+PeV+KeTl-tPeCr) 

Ihe  experience  accumulated  in  the  production 
Ilf  API  steels  in  the  late  seventies  accelerated 
tiie  development  of  grades  X65  and  X70.  Since 


1981  those  grades  have  oeen  in  normal 
production  at  COSIPA.  USIMINAS  started 
producing  X65  grade  in  1980  and  X70  in 
1983(16).  These  API  steels  have  alloy  designs 
based  on  the  standard  combination  of  niobium 
and  vanadium  ,  and  exhibit  fine  ierrite- 
pearlite  microstructures.  Typical  chemical 
compositions  and  mechanical  properties  are 
given  in  table  I  (17,8).  Since  the  development 
of  higher  grade  API  steels  in  Brazil  their 
commercial  production  has  been  significantly 
increasing,  as  shown  in  figure  7  (17).  API 
steels  produced  in  Brazil  have  been  consumed  in 
several  projects,  local  and  abroad.  Some  of 
them  are  mentioned  in  table  II  (17). 


TABLE  II  -  SOME  APPLICATIONS  OF  BRAZILIAN  API 
STEELS 


DESIINATION 

GRADE 

PIPE 

DIAMETER 
( inches ) 

Oil  line  between 
California  and  I'exas 

X70 

30 

Cas  line  Reynosa- 
Escalon,  Mexico 

X52 

24 

Gas  line  -  underwater- 
Campos  Basin,  Brazil 

X60 

2  4 

Oil  line.  Golf  of  Cam¬ 
peche  -  Bocas,  Mexico 

X60 

36 

Gas  line  Neuquem-Pache 
CO,  Argentina 

X52 

30 

Gas  line,  Melbourne- 
Kallarat,  Australia 

X65 

30 

Gas  1 ine-underwater- 
Bombayn,  India 

X60 

20 

Ga.s  line  Neuquem-- 
Bahia  Blanca,  Argentina 

XhO 

30 

(.as  line,  Harzira- 
Jagdishpur,  India 

.  60 

>8  and  36 

Gas  line,  V,  Redonda- 
S.  Paulo,  Brazil 

X65 

•1  > 

In  the  mid  of  present 

decade 

GSN  put  into 

operation  its  modern  hot  strip  mill  which  can 
produce,  as  previously  mentioned,  3.J  m  tpv  of 
products,  in  width  and  thickness  up  to  1575  ram 
and  12.7  mm,  respectively.  Development  of  API 
steels  up  to  X60  grade  has  been  carrved  out 
(18). 
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Figure  7  -  Participation  of  API  Steels  in 
USIMINAS  Product  Mix 

HIC  resistant  steels  have  been  developed  since 
about  1984  (19).  To  date  HIC  resistant  grades 
up  to  X65  are  available  in  USIMINAS  (20)  and 
also  in  COSIPA.  Typical  chemical  composition  is 
also  shown  in  table  I.  The  steels  follow  the 
recommended  measures  for  HIC  resistance , low  S, 
low  Mn,  Cu  addition  and  Ti  treatment  and  meet 
BP  conditions.  HIC  resistant  steels  under  NACE 
solution  have  not  been  developed  yet. 

At  present,  a  second  generation  of  API  HSLA 
steels  is  under  development  both  at  USIMINAS 
and  COSIPA.  Those  two  companies  have  been 
investigating  steels  with  microstructure 
comprising  lower  temperature  transformation 
produ-'ts.  USIMINAS  has  published  the  initial 
results  obtained  in  industrial  trials,  table 
III  (17).  In  that  table  it  is  observed  a 
further  move  in  the  direction  of  lower  carbon 
contents.  COSIPA  has  started  development  to 
obtain  X80  grade  and  a  move  to  lower  carbon 
content  is  expected  in  order  to  meet  higher 
toughness  requirements.  Further  information 
about  this  development  is  presented  by  COSIPA 
in  this  conference. 

USIMINAS  is  participating  with  CONFAB  and  CBMM 
of  an  international  program  on  the  development 
of  superior  steels  processed  under  relaxed 
controlled  rolling  regime.  An  industrial  heat 
was  produced  and  chemical  composition  and 
mechanical  properties  are  shown  in  table  IV. 
With  the  alloy  design  selected,  independently 
of  the  severity  of  the  rolling  schedule  applied 
very  high  toughness  properties  are  obtained.  At 
present,  a  detailed  pipe  weldability  program  is 
being  concluded  at  CONFAB  and  results  are  to 
be  published  soon. 

It  is  also  important  to  mention  that  Brazilian 
API  steels  are  marketed  either  in  the  form  of 
plate  or  in  the  form  of  pipes.  SAW  pipes  in 
Brazil  are  produced  by  Confab  Industrial  SA. 


The  SAW  pipe  division  of  that  company  was 


established 

in 

1974 

and  produces 

pipes 

in 

diameters  up 

to 

48 

inches.  CONFAB 

also 

produces  spiral 

and  ERW  pipes  and 

has 

been 

giving  an 

important 

contribution 

to 

the 

development  of  line  pipe  steels  in  Brazil.  The 
company  is  very  much  involved  in  new 
developments  with  the  Brazilian  steel 
companies . 

The  production  of  API  steels  meeting  strict 
quality  requirements  has  added  Brazil  to  the 
list  of  the  few  countries  which  export  such 
products.  It  is  now  expected  that  Brazil  will 
start  the  stage  of  sophistication  of  the  API 
grades. 

SOUTH  KOREA  -  South  Korea,  as  well  as  Brazil, 
are  two  of  the  world's  fastest  growing 
steelmaking  countries,  after  China,  figure  4. 
Raw  steel  production  in  South  Korea  increased 
from  only  480  thousand  tonnes  in  1970  to  16.8 
mt  in  1987.  Pohang  Iron  and  Steel  Co.  - 
POSCO  is  the  largest  and  most  important  steel 
company  in  South  Korea  with  a  total  raw  steel 
production  capacity  of  11.8  m  tpy,  in  two  works 
-9.1  m  tpy  in  Pohang  Works  and  2.7  m  tpy  in 
Kwangyang  Works  (21).  The  later  is  a  very 
modern  steel  plant,  producing  hot  strip 
products,  which  started  operation  in  1987. 
Pohang  works  is  also  a  modern  steel  plant  that 
had  its  start  up  in  1973  (22).  At  that  time 
Pohang  works  could  produce  1  m  tpy  (23). 
Successive  expansions  boosted  production 
capacity  to  present  9. 1  m  tpy  level  and  modern 
equipments  have  been  installed. 

Although  raw  materials  for  steelmaking  are 
mostly  imported  from  overseas  very  efficient 
steel  mills  and  low  labor  cost  will 
certainly  keep  the  South  Korea  position  of  a 
growing  and  strong  steel  industry  complex. 
Productivity  at  Pohang  Steel  Co.  is  rated  at 
760  ton/raan/year  (24)  and  total  cost  of 
producing  steel  products  is  39%  lower  than 
that  of  Japan  (25).  It  is  predicted  that  crude 
steel  productior  will  rise  by  an  average  6.5% 
until  1990  and  then  3.9%  annually  between  1991 
and  2000  (21).  Exports  of  steel  products  are 
predicted  to  rise  by  an  average  4.7”  until  1990 
and  then  fall  to  an  average  of  1.1%  annually  by 
the  end  of  the  century.  In  1987  South  Korea 
exported  about  44%  of  its  flat  products 
production.  However,  it  is  also  expected  that 
local  demand  of  steel  products  will  be  above 
production  capacity  by  the  year  2000  (21). 

POSCO,  in  Pohang  Works,  has  steelmaking 
facilities  to  produce  superclean  steel  grades. 
Hot  metal  treatment,  RH  degassing  as  well  as 
ladle  furnace  and  electromagnetic  stirring  in 
continuous  casting  are  available  (22,26,27). 
The  processing  equipments  are  impressive  also. 
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TABLE  III  -  CHEMICAL  COMPOSITION  AND  MECHANICAL  PROPERTIES  OF  ACICDLAR  FERRITE  X  70  STEEL  PLATES 


a.  CHEMICAL  COMPOSITION 


CHEMICAL  COMPOSITION 

THIC¬ 

KNESS 

(mm) 

■ 

s 

A1 

Nb 

V 

Mo 

14.00 

0.07 

1.74 

0.26 

0.023 

0.006 

0.035 

0.038 

0.062 

0.20 

12.00 

0.05 

1.65 

0.26 

0.015 

0.005 

0.038 

0.041 

0.061 

0.25 

9.50 

0.07 

1.63 

0.22 

0.018 

0.003 

0.033 

0.041 

0.062 

0.20 

b.  MECHANICAL  PROPERTIES 


MECHANICAL  PROPERTIES 

THIC¬ 

KNESS 

(mm) 

Rp 

(MPa) 

Rm 

(MPa) 

A 

(%) 

1 

Rp  /  Rm 
(?() 

CVN  (-20  C) 

J  / cm2 

nWTT  (-20  C) 
(%) 

HVIO 

14.00 

520 

750 

21 

69 

80 

100 

235 

12.00 

540 

720 

20 

75 

130 

100 

235 

9.50 

560 

710 

21 

79 

135 

100 

230 

There  are  two  plate  mills  with  maximum 
separating  forces  of  4000  ton  (prod.  cap.  of 
0.4  m  tpy)  and  7000  ton  (prod.  cap.  of  1.4  m 
tpy)  capable  of  producing  plates  with  maximum 
widths  of  3000  mm  and  4500  mm,  respectively. 
There  are  two  hot  strip  mills,  one  of  them  with 
3  continuous  and  1  reversing  type  roughers  plus 
a  finishing  train  of  4  high  x  7  stands.  This 
mill  has  a  production  capacity  of  3.3  m  tpy. 

The  development  of  line  pipe  steels  at  Pohang 
works  was  initiated  in  1975  and  progressed 
under  steps  as  follows  (28): 


1978  -  Development  of  controlled  rolling  and 
cooling  technology. 

1983  -  Development  of  sulphide  shape  control 
technology 

1983  -  Improvement  on  microalloying  technology 
for  grain  refining. 

As  a  result,  line  pipe  steel  grades  up  to  X70 
strength  level  are  commercially  produced.  Not 
only  NbV  microalloyed  line  pipe  grades  with 
ferrite  +  pearlite  microstructure  (plus  T1 
treatment)  have  been  developed.  Investigations 
have  been  made  also  on  acicular  ferrite  grades 
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of  which  first  results  were  published  in  1984 
(29).  Exports  of  line  pipe  steel  by  POSCO  have 
already  started. 

It  can  be  expected  that  POSCO  will  experience 
further  progresses  in  the  area  of  line  pipe 
steels.  Modern  and  sophisticated  equipments  are 
available  and  by  November  this  year  on-line 
accelerated  cooling  is  to  start  operation  in 
number  2  plate  mill  (28).  In  addition,  very 
modern  research  and  development  facilities  with 
well  qualifyed  metallurgists  are  available  to 
support  new  products  development.  The  research 
and  development  centre  (Research  Insitutte  of 
Industrial  Science  and  Technology  -  RIST) ,  with 
about  400  employees,  has,  among  other 
facilities,  modern  electronic  microscopes  and 
powerful  pilot  rolling  mills,  one  of  them  with 
a  pilot  unit  for  simulation  of  accelerated 
cooling  of  plates. 

TAIWAN  -  Taiwan,  in  sequence  to  Brazil  and 
South  Korea,  is  classified  as  the  third 
developing  area  that  has  become  a  major  steel 
exporter  and  have  a  dominant  steel  export  power 
for  the  rest  of  the  century  (25).  Steel 
production  in  Taiwan  has  been  increasing  since 
1977,  as  shown  in  figure  4,  specially  due  to 
expansions  in  its  most  important  company  China 
Steel  Corportation  -  CSC.  CSC  started 
operation  not  long  ago,  1977,  with  a  production 
capacity  of  about  1.5  m  tpy.  In  a  second  stage 
the  production  capacity  of  the  plant  was 
increased  to  3.25  m  tpy  and  in  April  this  year 
Che  third  expansion  stage  is  to  be  completed, 
lifting  CSC  installed  capacity  to  5.65  m  tpy.  A 
fourth  expansion  is  planned  to  increase 
installed  capacity  to  8  m  tpy  (30).  As  a 
natural  consequence  of  the  recent  expansions 
CSC  is  a  steel  works  with  up  to  date 
technology  in  steelmaking  and  processing, 
capable  of  developing  high  quality  line  pipe 
steels.  The  plant  is  100%  operated  by 
continuous  casting.  Hot  metal  treatment, 
combined  blowing,  vacuum  degassing,  ladle 
injection  technology,  high  quality 
metallurgical  expertise  and  excellent  research 
facilities  are  available.  The  plate  mill  has  a 
production  capacity  of  400,000  tpy  and  the  hot 
strip  mill  has  been  modernized  to  produce  3.7  ra 
tpy. Concentration  on  the  development  of  line 
pipe  steels  in  CSC  has  occurred  during  the  last 
five  years  and  has  aleady  readied  the  X70 
grade.  The  subject,  however,  is  not  discussed 
further  in  this  session  as  it  is  to  be 
presented  in  detail  in  S.C.  Wang  et.  a]., 
technical  contribution  to  this  conference  (31). 

MEXICO  -  Mexico,  as  an  oil  producing  country, 
is  a  regular  consumer  of  HSLA  line  pipe  steels 
from  both  local  supply  and  imports.  The 
evolution  of  Mexican  steel  production  is  shown 
in  figure  4  where  it  is  seen  a  significant 


increase  during  the  seventies.  Since  1979  steel 
production  has  stabilized  at  the  level  of  7  m 
tpy  which  is  about  the  quantity  absorbed  by  the 
local  market  (32).  Steel  production  capacity 
is  9.16  m  tpy  (33).  Large  tonnage  steelmaking 
is  concentrated  in  three  steel  companies 
Altos  Hornos  de  Mexico  SA  -  AHMSA;  HYLSA  SA  and 
Siderurgica  Lazaro  Cardenas  -  Las  Truchas  SA, 
SICARTSA  with  production  capacities  of  3.2; 
1.85  and  1.25  m  tpy,  respectively. 

Production  of  HSLA  line  pipe  steels  is 
concentrated  at  AHMSA  where  the  X42  and  X52 
grades  were  initially  produced  between  1963- 
1965  (34).  At  that  time  the  API  grades  were 
semi-killed  C-Mn  steels.  In  1968/1969  the  first 
microalloyed  steels  were  produced,  using 
either  vanadium  or  niobium,  depending  on 
product  thickness  (X52  -  t  5  12.5  mm  =  vanadium 
strengthened;  t  <  12.5  mm  =  microalloyed  with 

niobium) . 

The  company  has  produced  up  to  grade  X65  under 
maximum  thickness  and  of  21mm  and  3050mm, 

respectively.  The  API  up  to  yrade  X65 

are  also  produced  in  i  'lOt  t  o  mi  'or  ERW 
pipes(  1473  mm  max  ypit.  th  ■  nical 

compositions  and  mec  :al  properties  oi  line 
pipe  steels  produced  .  AHMSA  are  shown  in 
table  V  (35).  In  that  table  it  is  noticed  that 
HIC  resistant  steels  have  been  developed  also. 
Hot  metal  treatment  and  CaSi  injection 
technology  (wire  feed)  are  available  in  the 
plant  for  production  of  clean  steels  with 
sulphide  shape  control.  AHMSA  2  stands  plate 
mill  and  the  hot  strip  mill  can  produce 

annually  960,000  t  and  1.7  mt,  respectively. 
The  plant  has  a  modernization  plan  that 

includes  botton  blowing,  vacuum  degassing  and 
upgrading  of  the  hot  strip  mill.  The 

rehabilitation  of  the  hot  strip  mill  will  not 
expand  production  capacity  and  is  to  be 
completed  in  1990  (36). 

A  major  impact  on  the  line  pipe  steels  product 
area  will  certainly  occur  when  SICARTSA  II 

project  is  concluded.  That  project  includes 
installation  of  a  new  1.5  ra  tpy  plate  mill. 
However,  delays  have  been  occurring  and  there 
is  a  chance  that  the  plate  mill  will  not  be 
operating  in  the  next  few  years  (37).  A  new 
pipe  mill  (Productora  Mexicans  de  Tuberia  SA  - 
Protumsa)  for  the  production  of  large  diamenter 
pipe  -  OD  up  to  48  in  -  with  production 
capacity  of  300,000  tpy  has  already  been  in 
operation  in  the  SICARTSA  area  for  about  two 
years  (38). 

Mexico  has  become  an  exporting  country  of  HSLA 
line  pipe  steels  and  recently  was  supplying  to 
the  Loma  de  la  Lata  -  Buenos  Aires  X60  gas 
line  in  Argentina.  That  line  comprises  pipes 
of  24,  30  and  36  in  OD.  Steel  plates  were 


116 


TABLE  IV  -  PROCESSING  CONDITION  AND  MECHANICAL  PROPERTIES  OF  SPECIAL GRADE  API  STEEL 


0.05C  1.66Mn  0 

005S 

0.022Ti 

0. lONb 

0.31Cr 

ROLLING 

CONDITION 

MECHANICAL  PROPERTIES 

REDUCTION 

FINISH  TEMP. 

C 

Rp 

(MPa) 

Rm 

(MPa) 

A 

(%) 

(50.8mm) 

CHARPY  TEST 

DWTT 

85Z  FATT 
(  C) 

2.8t<900  C 

780 

455 

550 

48 

221 

ND 

ND 

2.9f=910  C 

800 

464 

50 

240 

<  -80 

-46 

2.9f=800  C 

740 

474 

560 

46 

255 

<  -80 

-46 

4.3t<810  C 

730 

571 

41 

217 

<  -80 

-55 

NOTES :  t  =  1 6 . 5  mm 

REHEATING  TEMPERATURE  =  1180  C 


TABLE  V  -  TYPICAL  CHEMICAL  COMPOSITION  AND  MECHANICAL  PROPERTIES  OF  HSLA  STEELS  FOR  WELDED  PIPE 

PRODUCED  IN  MEXICO  (AHMSA) 


CHEMICAL  COMPOSITION  (2) 

MECHANICAL  PROPERTIES 

STEEL 

c 

Mn 

P 

S 

Si 

Nb 

V 

Rp 

(MPa) 

Rm 

(MPa) 

A 

(^7 

CVN 

C  J 

(1) 

X52HIC 

0.08 

1.0 

0.014 

0.005 

0.25 

0.012 

0.045 

427 

552 

38 

-15  75 

X52 

0.15 

1.  1 

0.015 

0.015 

0.  10 

0.025 

X56 

0.12 

1.3 

0.015 

0.015 

0.20 

0.025 

- 

(1) 

X60HIC 

0.08 

1.0 

0.014 

0.005 

0.25 

0.035 

0.060 

483 

586 

39 

-15  85 

X60 

0.12 

1.2 

0.015 

0.010 

0.20 

0.025 

0.05 

X65 

0.  12 

1.3 

0.015 

0.010 

0.25 

0.025 

0.05 

503 

593 

35 

0  79 

NOTE:  (1)  Ca  treated;  Cu  =  0.30;  Ni  =  0.24;  processed  in  the  plate  mill  only. 
Other  grades  processed  in  the  hot  strip  mill  also. 

(2)  A1  =  0.04 


117 


i 


supplied  by  AHMSA, (maximum  pipe  diameter  from 
AHMSA  plates  is  36  in).  API  steels  have  also 
been  exported  to  Malaysia,  China,  Colombia  and 
India. 


VENEZUELA  AND  ARGENTINA  -  Venezuela  and 
Argentina,  countries  that  reached  the  level  of 
3.5  mt  of  raw  steel  produced  in  1985,  have 
already  started  the  development  of  HSLA  line 
pipe  steels  for  SAW  pipes. 


In  Venezuela,  Slderurgica  del  Orinoco  -  SIDOR 
is  the  steel  company  producing  HSLA  flat 
products.  The  plant,  with  a  total  raw  steel 
production  capacity  of  A. 8  m  tpy,  has  been 
developing  line  pipe  steels  processed  in  the 
hot  strip  mill.  Plates  are  produced  out  of  the 
roughing  stands  of  that  mill.  Vanadium 
microalloyed  grades  up  to  X60  strength  level 
have  been  produced.  In  order  to  improve 

a 


as 


toughness  properties 
initiated  to  produce  API 
with  niobium.  Due  to 
reduction  product 
steelmaking  (electric 
of  clean  steels  is  not  a 
SIDOR.  Sulphide  shape  control  is  carryed  out 
through  calcium  treatment  by  wire  injection  in 
the  argon  stirring  stations. 


program  has  been 
steels  microalloyed 
the  use  of  direct 
raw  material  in 
arc  furnaces)  production 
di . f icult  task  at 


In  Argentina,  production  of  steel  for  welded 
API  grades  is  by  Sociedad  Mixta  Siderurgia 
Argentina  -  SOMISA,  which  has  a  raw  steel 
production  capacity  of  4,6  m  tpy.  SOMISA 
started  production  of  microalloyed  steels  in 
1974.  In  the  late  seventies  production  of  API 
X52  started,  for  products  with  thickness 
between  4.75  mm  and  9.5  mm,  processed  in  the 
hot  strip  mill  (SOMISA  is  not  equipped  with  a 
plate  mill  yet)  (39),  The  initial  production 
of  API  grades  was  microalloyed  with  titanium 
and  as  the  company  succeeded  in  developing  low 
sulphur  steels  there  was  a  move  to  niobium 
raicroalloying.  Although  with  power  limitation 
in  the  hot  strip  mill  the  company  has  developed 
up  to  X60  grade  in  thickness  up  to  9.50  mm  . 
The  rolling  mill  has  4  roughing  and  6  finishing 
stands.  Maximum  product  thickness  and  width  are 
12.7  mm  and  1506  mm,  respectively.  The  chemical 
compositions  for  the  range  of  thicknesses 
produced  are  shown  in  table  VI  (40).  At 
present , low  sulphur  steels  contain  about 
0.005ZS.  Hot  metal  treatment  is  available  and 
Ca  Injection  is  being  installed.  Several 
measures  in  the  plant  have  been  or  are  being 
taken  to  improve  product  quality  and  those 
include  quality  of  refractories  used,  change  in 
type  of  nozzles  used  in  the  continuous  casting 
plant,  system  to  avoid  contamination  of  the 
heat  with  slag.  Insulations  in  the  HSM, 
automation  for  the  cooling  system  and 
dlferentlal  colling  temperature  (40).  Further 
significant  progress  in  the  development  of  HSLA 


steels  for  welded  pipe  at  SOMISA  is  expected 
after  the  installation  of  a  plate  mill  which 
was  commissioned  by  that  company. 

INDIA  -  In  the  last  10  years  steel  production 
in  India  has  been  situated  between  10  and  12  m 
tpy  (12.6  m  ton  in  1987).  The  local  demand  for 
steel  product,  at  present  about  15  m  tpy,  is 
expected  to  increase  to  25  m  tpy  by  the  end  of 
the  century  (41).  Steel  Authority  of  India 
Ltd.-  SAIL  is  the  largest  steel  company  with  a 
production  of  7m  tpy  of  final  products  in 
eight  steel  works.  SAIL  has  an  expansion  plan 
to  increase  final  products  output  to  15  m  tpy 
and  to  modernize  its  steel  works  (60%  of  SAIL 
steel  production  is  via  open  hearth  process) . 

In  addition  to  being  the  largest  steel  company 
in  India  it  is  in  SAIL  that  development  of  line 
pipe  steels  has  been  concentrated,  specially  in 
its  Rourkela  Steel  Plant  -  RSP  where  hot  metal 
treatment,  secondary  refining  under  vacuum  and 
a  modernized  (1980)  hot  strip  mill  are 
available  (42-43) .  RSP  also  has  plants  for  ERW 
(1960)  and  spiral  welded  (1976)  pipe 
production. 

Development  of  X60  grade  and  trial  for  the 
production  of  X70  dates  to  the  early  eighties 
and  were  published  by  RSP  in  1984  and  in  1986 
(42-43).  The  two  grades  X60  and  X70  are  NbV  and 
NbMo  microalloyed,  respectively.  Sulphide 
shape  control  is  done  by  misch  metal  additions 
in  the  ingot  mould.  Typical  chemical 
composition  and  mechanical  properties  for  X60 
grade  are  shown  in  table  VII. 

The  X60  grade  developed  by  RSP  already  found 
commercial  application  in  the  local  market.  RSP 
supplied  22000  ton  of  that  steel  to  the  Gas 
Authority  of  India  Ltd  after  being  successful 
in  a  competition  with  several  international 
suppliers  (43) . 

The  Tata  Iron  and  Steel  Co  has  also  been 
working  in  the  area  of  microalloyed  steels. 
With  the  operation  of  a  new  melting  shop 
equipped  with  secondary  refining  which  allows 
production  of  low  sulphur  steels  that  company 
will  certainly  start  the  production  of  high 
strength  line  pipe  steels  (44). 

ALGERIA  AND  INDONESIA  -  Algeria  and  Indonesia 
do  not  product  large  quantities  of  steel  but 
have  started  to  develop  HSLA  steels,  processed 
in  the  hot  strip  mill,  for  welded  pipe. 

In  Algeria,  Societe  Nationale  de  Siderurgie  - 
El  Hadjar  steel  works  has  a  production  capacity 
of  2.2  m  tpy.  Plant  facilities  include  both 
BOF  and  Electric  Arc  Steelmaking,  continuous 
casting  and  a  plant  for  spiral  welded  pipe. 
Line  pipe  steel  development  for  spiral  pipes 
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TABLE  VI  -  API  HSLA  STEELS  FOR  WELDED  PIPE  PRODUCED  BY  SOMISA 


GRADE 

THICKNESS 

C 

Mn 

P(max) 

S(max) 

Si 

Nb 

(1) 

0.07 

- 

0.11 

0.45  -  0.75 

0.025 

0.015 

0.15  -  0.30 

■■WMiWiMI 

X52 

5.51  -  6.35 

0.08 

- 

0. 13 

0.60  -  0.90 

0.025 

0.015 

0.  15  -  0.30 

0.03 

0.02  -  0.04 

4.75  -  6.35 

0. 10 

- 

0. 15 

0.60  -  0.90 

■jHMM 

0.015 

0. 15  -  0.30 

0.03 

6.35 

0.06 

- 

0.10 

0.015 

0.  15  -  0.30 

0.045 

0.02  -  0.04 

(2) 

6.36  -  9.50 

0.12 

- 

0. 16 

0.90  -  1.15 

0.015 

0.15  -  0.35 

0.02 

0.025  -  0.045 

X52 

12.50 

0.  12 

- 

0. 16 

0.95  -  1.20 

0.025 

0.15  -  0.35 

0.02 

0.03  -  0.05 

7.90  -  9.50 

0.08 

- 

0.11 

1.15  '  1.35 

0.020 

0.010 

0.02/ 

0.05 

0.03  -  0.05 

NOTES:  1.  Min.  Tensile  Strength  455  MPa 

2.  Min.  Tensile  Strength  495  MPa 

3.  X60/X65;  Ti  =  0.02  -  0.04 


TABLE  VII  -  CHEMICAL  COMPOSITION  AND  AVERAGE  MECHANICAL  PROPERTIES  OF  GRADE  X60  DEVELOPED  AT 


ROURKELA  STEEL  PLANT 


CHEMICAL  COMPOSITION 

MECHANICAL  PROPERTIES  (t  =  9.5mm) 

C 

Mn 

Si 

Nb(l) 

V(l) 

A1 

(J) (transverse) 

0.06 

1.15 

0.30 

0.03 

0.05 

0.025 

539 

608 

35 

100 

0. 10 

1.30 

0.40 

0.05 

0.08 

0.040 

NOTE:  (1)  Nb  +  V  S  0.10% 


has  reached  grade  X60  and  trials  for  the 
development  of  X70  have  been  made. 

P.T.  Krakatau  Steel  in  Indonesia,  1.5  m  tpy 
production  capacity  by  electric  arc  steelmaking 
and  continuous  casting,  put  in  operation, 
beginning  of  1984,  a  modern  1  m  tpy  hot  strip 
mill.  In  that  same  year  production  of  API 
steels  started  and  at  the  end  of  that  year  the 
company  was  producing  Nb  microalloyed  X56  grade 
to  meet  an  order  of  5600  t,  product  thickness 
of  14.3  mm.  Most  of  the  production  of  API  HSLA 
steel  at  Krakatau  steel  has  been  X52  grade  for 
ERW  pipe  (45).  Further  progress  on  the 


development  of  API  grades  at  Krakatau  steel  can 
be  expected  in  the  near  future. 

CHINA  -  China  already  produces  some  quantities 
of  HSLA  API  steels  for  welded  pipes  and  the 
country  will  certainly  become  a  regular 
producer  of  high  grade  API  steels  in  the 
future . 

Steel  production  in  China  has  been  continuously 
increasing.  The  country  has  become  the  fourth 
world  major  steel  producer  and  in  1987  raw 
steel  production  reached  55.3  m  ton.  There  are 
plans  to  reach  80  m  tpy  by  the  end  of  the 
century  (46). 
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CONCLUSION 


Not  only  steel  production  is  increasing  but 
also  steel  mills  are  being  modernized  aiming  at 
increasing  productivity  and  upgrading  the 
product  mix.  In  China  there  are  14  steel 
companies  with  production  capacity  above  1  m 
tpy.  The  largest  is  Anshan  Iron  and  Steel  Co. 
with  a  production  capacity  of  7.2  m  tpy.  Anshan 
produces  large  quantities  of  HSLA  steels  but 
has  not  concentrated  on  the  API  grades  for  SAW 
pipe  yet  due  to  plant  facilities  available  at 
present.  The  company  however  is  to  expand  to  10 
m  tpy  by  the  early  1990s  and  to  15  m  tpy  by  the 
end  of  century  (47).  In  the  expansion  plan  it 
is  included  new  steelmaking  facilities  and 
installation  of  a  plate  mill  which  is  to  start 
up  in  1991  (48-49).  Anshan  steel  works  has  a 
good  R  and  D  infrastructure  and  has  been  doing 
several  developuieuLs  in  tl.e  area  of  HSLA 
Steels.  Recently,  Prof.  Y.  Cao  -  an  expert  from 
Anshan,  published  a  review  paper  on  the  subject 
which  includes  processing  of  line  pipe  steels 

(50) .  Thus,  when  the  equipment  is  available 
Anshan  will  certainly  become  a  strong  producer 
of  microalloyed  steel  for  SAW  pipes. 

Second  in  size  is  Wuhan  Iron  and  Steel  Co  - 
WISCO  with  a  production  capacity  of  4m  tpy. 
WISCO  has  a  modern  1700  mm  hot  strip  mill  and 
its  melting  facilities  include  hot  metal 
treatment,  combined  blowing,  vacuum  degassing 

(51)  and  sulphide  shape  control.  WISCO  has 
developed  API  steels  processed  in  the  hot  strip 
mill.  WISCO  is  to  expand  its  production  to  7  m 
tpy. 

Baoshan  Iron  and  Steel  Works  is  a  modern  3  m 
tpy  steel  company  that  started  operation  in 
1985  producing  semi-products.  Construction  of 
phase  II  is  underway  and  a  new  4.2  m  tpy  hot 
strip  mill  will  start  operation  in  the  near 
future . 

Shoudu  Iron  and  Steel  works,  locatd  in  Beijing, 
is  an  efficient  steel  works  -2m  tpy  with-  its 
product  mix  concentrated  on  long  products. 
However,  tne  company  has  commissioned  a  heavy 
plate  mill  from  the  Spanish  steel  company 
Ensidesa  (52).  The  plate  mill  is  expeced  to 
start  operation  in  Shoudu  in  1989. 

The  above  are  just  a  few  examples  that  indicate 
that  China  can  and  certainly  will  reach  a 
position  of  significant  producer  of  high  grade 
microalloyed  steels.  Including  API  steels  for 
SAW  pipes.  In  addition  to  the  investments  which 
are  being  made  on  expansion,  modernization  and 
new  facilities  the  importance  of  HSLA  steels 
is  well  assimilated  by  the  technical  community. 
For  instance,  in  1985  the  Chinese  Society  of 
Metals  organized  in  Beijing  an  international 
conference  on  the  subject,  "  HSLA  steels  85" 
and  a  second  similar  event  is  already  being 
organized  to  take  place  in  1990. 


The  world  is  experiencing  changes  in  the 
geography  of  steelmaking  and  those  changes  are 
starting  to  affect  the  geography  of  production 
of  API  steels  for  SAW  pipes  too. 

A  group  of  developing  countries  has  reached  a 
stage  in  its  steel  industry  where  production 
of  traditional  high  grade  line  pipe  steels  has 
become  one  more  item  in  the  normal  product  mix 
of  the  steel  mills.  The  sophisticated  grades, 
such  as  very  low  carbon  bainitic  grades,  have 
their  production  still  limited  to  the 
traditional  producers,  but  possibly  not  for  a 
long  time  from  now. 

There  are  also  potential  new  comers  that  will 
certainly  spread  even  more  the  production  of 
high  grade  API  steels  in  a  not  too  distant 
future. 

Line  pipe  stels  have  long  been  the  locomotive 
for  the  understanting  and  development  of  the 
metallurgy  of  microalloyed  steels.  Thus,  it  is 
a  natural  consequence  that  as  microalloying 
becomes  international,  and  as  the  adequate 
equipment  is  available,  production  of  line  pipe 
steels  becomes  international  too. 
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Abstract 

Induction  bending  has  progressed  considerably 
since  its  inception,  allowing  for  succession  to 
a  more  sophisticated  method  for  manufacturing 
elbows.  With  a  key  aspect  of  the  process  being 
the  finite,  hot-deformation  band,  derived  for 
dimensional  control  and  aesthetic  formability, 
it  has  also  been  refined  and  developed  as  a 
metallurgical  tool  for  developing  superior 
microstructure  and  mechanical  properties. 

Additionally,  the  need  for  dimensional 
improvements  has  been  recognized.  For  pipe 
bends  with  large  diameter-to-wall  ratios  and 
small  radii,  bending  forces  can  produce  an 
ovality  or  flattening  in  excess  of  2  1/2  per 
cent,  typically  unacceptable  for  pigging 
applications.  In  extreme  cases,  wrinkling  of 
the  intrados  will  occur.  Avoiding  productivity 
losses,  an  Increase  in  wall  thickness,  which 
effectively  stiffens  the  section,  and  an 
increase  in  bending  temperature,  which  allows 
for  improved  material  flow,  have  been  used  as 


solutions.  However,  excessive  temperatures  in 
the  austenite  phase  can  result  in  degradation  of 
mechanical  properties  in  high-strength, 
microalloyed,  line  pipe  steels  except  when 
properly  designed  for  such  thermal  cycles.  And 
if  a  post-bend  tempering  treatment  is  applied  to 
obtain  properties  in  the  bends,  it  inevitably 
leads  to  degradation  of  low-temperature 
toughness  in  the  as-deposited,  longitudinal 
seam,  as  found  in  the  straight  portion  of  the 
bend . 

The  fundamental  considerations  relating  to 
induction  bending  and  bendability  are  presented 
along  with  results  from  evaluations  on  induction 
bends.  It  is  shown  that  dimensional  and 
metallurgical  balances  can  be  obtained  while 
focusing  on  typical  pipeline  requirements  for 
high-strength,  severe  service  application. 


PAPID  INDUCEMENT  TO  AUSTENITE  in  microalloyed, 
carbon-steel  pipes  during  induction  bending 


Fjgu/ie  1 .  Schematic  the.  inductioyi  bending  pnocea. 
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provides  the  opportunity  for  studying  the  short¬ 
term  kinetics  of  this  transformation  and  its 
interaction  with  solute  elements  and  compounds, 
and  the  affect  on  decomposition  products  and 
properties.  Since  the  thermomechanical  (TM) 
cycles  are  intentionally  varied  between 
quadrants  to  improve  steel  flow  according  to 
forming  requirements,  attention  must  be  given  to 
the  compositions,  manufacturing  histories, 
process  controls,  and  hence  final 
microstructures  of  the  parent  and  weld  metals. 
Accordingly,  productivity  improvements  can  be 
implemented  from  the  research,  deleting  energy¬ 
consuming  and  costly  post-bend  treatments  such 
as  normalizing  or  quenching  plus  tempering. 

INDUCTION  BENDING 

Inducing  a  rather  narrow,  hot,  annular  band 
in  the  pipe  restricts  the  yielding  to  this 
location  during  bending,  which  assists  in 
restraining  roundness  by  confining  the  volume  of 
material  that  is  forced  to  pivot.  The  allegory 
has  often  been  the  simple  bending  of  a  soda 
straw  on  a  small  radius:  the  bent  portion  will 
flatten  severely  at  the  intrados  and  extrados, 
primarily  due  to  the  failure  to  limit  the  width 
of  the  annular  deformation  band  to  about  the 
thickness  of  the  wall. 

Regarding  Figure  I,  the  front  tangent  is 
clamped  to  follow  the  bending  radius  as  the  pipe 
is  pushed  from  the  rear.  Application  of  the 
pushing  force,  which  develops  a  bending  moment, 
also  causes  a  slight  compressing  of  the  overall 
length  being  bent  and  an  outward  shift  of  the 
neutral  axis,  whicB  helps  reduce  thinning  at  the 
extrados.  Net  material  flow  is  at  the  intrados, 
mostly  toward  the  inside  diameter,  and  is 
typically  the  most  significant  strain.  These 
are  all  influenced  by  the  bending  radius,  which 
affect  on  various  strains  is  shown  in  Figure  2. 
Disregarding  other  consequences,  ovaling  forces 
can  be  minimized  through  temperature  increases 
at  the  'doses  as  the  bending  radius  is 
decreased,  augmenting  flow  demand  with  lower 


Figu-jg  1.  Influence  oi  the  bencUng  xacUui, 
eKpieAied  ai  R/D,  on  two  ngni^icant  itAatni. 


FiguAe  3.  Induction  bencUng  thermal  cycle 
ion  high-itnength  ieoene  jCiace  bendi: 
austenitized  less  than  1  mouite. 


yield  strengths,  reducing  bending  moment.  There 
is  little  demand  for  strain  in  the  neutral  axis, 
which  is  customarily  considered  to  be  at  the  top 
and  bottom  quadrants. 

These  upsets,  which  are  ultimately 
triaxial,  occur  in  the  austenite  phase  at  a 
constant  rate,  subsequently  fixed  by  the  annular 
water-spray  delivered  by  the  induction  coil. 

This  thermal  cycle  is  represented  in  Figure  3. 

SEVERE  SERVICE  CRITERIA 

With  the  need  to  transmit  sour  hydrocarbons 
under  pressure  through  hostile  environments,  it 
is  necessary  to  use  parent  and  weld  metals  that 
are  compatible  with  the  intended  installation 
and  service  conditions.  As  well  as  high 
strength  and  good  weldability,  the  steels  must 
have  resistance  to  one  or  more  forms  of  hydrogen 
cracking  and  a  notch-ductility  that  will  oppose, 
under  stress,  crank  initiation  or  propagation  at 
the  minimum  handling  or  service  temperature, 
typically  defined  as  -46°C  (-50°F)  for  arctic 
environments . 

Recent  studies  [1,  2,  3]  indicate  various 
controls  for  negating  the  affects  of  hydrogen- 
induced  cracking  (HIC)  and  sulfide  stress 
cracking  (SSC) ,  which  also  incorporates  a 
hydrogen  damage  mechanism. 

HIC  resistance  is  possible  by  minimizing 
hydrogen  ion  entry  to  the  steel  matrix  througl. 
the  use  of  a  protective  film:  for  a  pH  greater 
than  5,  additions  of  copper,  nickel  or  chromium 
will  suppress  hydrogen  penetration  when  the  film 
is  properly  formed  and  maintained.  Resistance 
is  also  possible  by  limiting  the  quantity  of 
hydrogen  ion  traps,  as  well  as  optimizing  their 
shape  (spherical)  and  distribution,  to  minimize 
localized  stress  from  H2  formation.  It  is 
therefore  significant  to  have  fewer  sulfide 
inclusions  by  controlling  sulphur  to  less  than 
.005  to  .003  per  cent,  to  employ  Inclusion  shape 
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control  in  rolled  plates  by  the  use  of  even 
lower  sulphur  content  or  the  use  of  calcium  or 
rare-earth  metal  additions,  and  to  have  low 
levels  of  manganese  segregation  and  segregated 
(banded)  structures. 

It  is  also  Important  to  confine  hydrogen 
traps  when  lowering  sensitivity  to  SSC;  yet 
susceptibility  also  Involves  other  parameters 
such  as  applied  stress,  hardness  (per  cent 
carbon  and/or  microstructure)  and  H2S 
concentration.  For  good  resistance  to  SSC, 
high-strength  pipe  steels  require  low 
phosphorous,  low  volume  fractions  of  nonmetallic 
inclusions,  and  of  a  spherical  shape  to  reduce 
local  stress  intensity,  and  hardness  less  than 
about  248  HVIO  (237  HB  equivalent) . 

Notch-ductility  is  typically  improved  when 
the  morphology  of  the  raicrostructure  is  enhanced 
to  resist  HIC  and  SSC.  It  is  also  Important 
that  the  as-manufactured  microstructure  be  a 
result  of  fine  grain  practice  and  of  a  low 
carbon  level,  allowing  transformation  to  more 
ductile  constituents.  This  philosophy,  which 
reduces  hardenability  and  hence  strength,  is 
adequately  compensated  by  microalloying  the  C-Mn 
steels  that  are  rolled  into  plate  for  use  in 
high  strength  line  pipe. 

Although  these  design  criteria  generally 
apply  to  the  longitudinal  weld  seam  too, 
microalloying  may  not  be  sufficient  or  may  be 
injurious,  depending  on  the  subsequent  heat 
treatment:  re-austenitization  followed  by 
accelerated  cooling,  as  employed  during  the 
induction  bending  of  these  steels;  and  tempering 
as  needed,  which  can  result  in  excessive 
precipitation  of  carbides  or  carbonitrides  from 
the  weld  seam  in  the  tangent  (straight)  portion 
of  the  bend,  often  resulting  in  a  severe  loss  of 
low-temperature  notch-ductility. 

BENDABILITY 

It  is  essential  that  both  the  parent  steel 
and  weld  seam  of  the  pipe  to  be  induction  bent 
have  good  bendability;  that  is,  that  each  be 
compatible  with  intended  bending  and/or  post¬ 
bending  treatments,  applied  in  view  of  size  and 
metallurgical  design,  for  producing  the  desired 
dimensional  and  metallurgical  responses.  High- 
strength  steel  pipe,  whether  nonexpanded  or 
expanded,  is  typically  received  in  the  following 
conditions : 

parent  (wrought):  (a)  control  rolled  (CR),  or 
(b)  CR  +  accelerated  cooled 
(AC); 

weld  (cast)  :  (a)  as-deposited  x  submerged 

arc  (SAW)  employing 
consumables  of  peculiar 
chemistries,  or 
(b)  fusing  of  parent  x 

electric  resistance  (ERW) 
without  consumables, 
followed  by  re¬ 
austenitizing  and 
cooling . 


Fcqu/ie  4.  ItluAtratccyi  t'o  tii'o  thaMrtal 
tieafmcHF-i  .v'l  ierctc’  ieir(CL'  <nductii'ii 
be  lids . 


Most  line  pipe  is  designed  for  direct 
installation  in  the  field,  satisfying 
engineering  criteria  in  the  as-manufactured 
condition.  Nevertheless,  this  can  preclude 
metallurgical  adaptability  to  the  thermal  cycles 
utilized  for  induction  bends,  particularly  notch 
ductility  for  severe  environments.  Several 
thermal  treatments  likely  to  be  encountered  in  a 
finished  bend  are  shown  in  Figure  4. 

The  peculiar  TM  cycles  ctiosen  for  a  bend 
are  themselves  a  function  of  the  service 
criteria,  the  chemistries  of  the  pipe,  the  TM 
history  of  the  parent  steel  and  the  thermal 
history  of  the  weld  seam,  the  difficulty  in  bend 
geometry,  and  post-bend  tempering,  if  necessary. 

Post-bend  tempering  may  be  applied  for  the 
purpose"  of  adjusting  roundness,  hardness, 
strength  or  toughness  in  the  bend.  It  may  even 
be  used  for  the  adjustment  of  a  property  in  the 
tangen*"  portion  of  the  bend,  which  in  most  cases 
would  be  the  toughness  of  the  weld  seam,  to  be 
discussed  later.  The  difficulty  of  the  geometry 
can  be  expressed  as: 

Diff  =  (D/w)/(R/D)  =  D"/wR 

where  D  =  pipe  bend  outside  diameter, 

w  =  pipe  bend  wall  thickness,  and 
R  =  center-line  radius  appl'.ed  in 
bending , 

which  is  also  shown  graphically  in  Figure  5. 
Bends  with  Diff  =  IS  to  20  require  starting  pipe 
with  a  design  capable  of  responding  to  the  more 
demanding  TM  cycles. 

PARENT  -  This  wrought  steel  should  have  low 
to  very  low  carbon  to  adequately  depress  the 
hardness  and  the  impact  transition  temperature, 
and  broaden  the  range  for  preferred  austenite 
decomposition  products.  Lower  carbon  typical Iv 
necessitates  an  increase  in  manganese  and 
various  microalloying  additions  to  ensure 


125 


15 


0  I  I  I  I  1  I  I  I  1  1  I  '  '  ‘  1  1  1 

0  50  100  150  200 

Diameter:  Watt  th-cckMUi,  V/w 

Figure  5.  RalaUx'd  dii^tcuttij  ^cr  xndacticn 
bcndtHg,  ai  a  iuncticn  iti  gecmetiif: 

A  =  8  =  dii^icutt,  and  C  =  queitxonabte . 


r 


M- 

Ac ;  Acj 

Sending  Tempe'iatu'ie 

figure  6.  The  e^^ect  «(5  induction  bending 
tempeiiatuAe  an  6eve'tat  pfLopentiei  o( 
micioattaijed  pipe  iteetA. 


adequate  strength  throughout  the  wall  thickness. 
Additions  of  aluminum,  niobium  and  titanium 
produce  fine  austenite  grains  upon  reheating, 
with  subsequent  recrystallization  and  growth 
inhibited  by  these  elements  during  forming 
[4,  5].  Control  of  the  austenite  grain 
structure  is  lost  when  these  compounds 
dissolve,  thereby  allowing  rapid  grain 
coarsening.  Dissolution,  primarily 
a  function  of  temperature  and  carbonitride 
precipitate  composition,  will  affect 
decomposition  products  and  degrade  properties 
according  to  the  quantity  and  size  of  the 
coarsened  grains,  exemplified  in  Figure  6. 

The  composition  of  the  wrought  steel  may  be 
partially  described  by  its  carbon  equivalent, 

Ceq  =  C  +  Mn/6  +  (Cr  +  Mo  +  V)/5  +  (Ni  +  Cu)/15, 
which  helps  quantify  the  adequacy  of  the  steel 
in  producing  the  desired  mechanical  properties. 
Figure  7  shows  such  a  relationship  [6],  which 
may  be  adjusted  by  factors  such  as  elements  not 
so  described,  inclusion  morphology,  austenite 
conditioning  or  cooling  rate. 

WELD  -  The  primary  concern  in  the  weld  seam 
is  its  response  to  one  or  more  types  of  heat 
treatments  in  developing  satisfactory,  low- 
temperature  toughness.  By  retarding 
transformation  from  low-carbon,  fine-grain 
austenite  to  a  microstructure  of  acicular 
ferrite,  bainite  or  even  martensite,  adequate 
toughness  can  be  available,  even  after 
tempering.  Such  transformation  may  be 
suppressed  by  optimizing  oxygen,  Ceq  and  cooling 
rate  for  each  thermal  cycle  applied  to  the  seam 

171. 

Figure  8  shows  an  example  of  the  affects  on 
toughness,  in  a  low-carbon  deposited  weld,  of 
various  heat  treat  conditions  used  for  induction 
bends  when  alloyed  with  nickel  and  deposited 
with  fluxes  having  different  oxygen  potentials. 
These  data  suggest  that  when  post-bend  tempering 
is  planned,  an  optimum  Ni-O  composition  will 
assist  in  producing  severe  service  toughness 
while  meeting  the  one  per  cent  nickel  maximum 
also  required  by  NACE  Standard  MR-OI-75  [8|. 

The  resultant  microstructures  will  respond 
favorably  to  tempering:  acicular  ferrite  and 
bainite  as-deposited  and  martensite  as-bent 
(accelerated  cooled),  which  help  offset  the 
deleterious  effects  of  carbide  and  carbonitride 
precipitates  coincident  with  tempering  [9,  in, 
11,  121. 

For  bends  suitable  for  supply  without 
tempering,  transformation  to  martensite  would  be 
Inappropriate,  which  has  led  to  the  development 
of  very-low  carbon  steels  with  less  orthodox 
mlcroal loylng  philosophies. 

RESULTS 

In  the  wake  of  much  research.  Figure  9 
shows  quantitative  results  of  an  Intentional 
balance  between  parent  steel  and  weld  seam  for 
Induction  bends  of  difficult  geometry  for  high- 
strength,  severe  service  applications.  These 
610  ram  OD  X  12.7  mm  NW  x  3D  radius  x  90°  arc. 
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concentration,  were  also  very  low  in  sulphur  and 
phosphorous,  yet  notably  gained  a  good  portion 
of  carbide  formers  by  dilution  from  the  parent. 
The  double  seam  annotated  DSAW  1  was  used  with 
the  parent  steel  shown,  and  had  a  different 
nickel  content  for  each  pass.  The  other  seam, 
DSAW  2,  was  used  with  an  otherwise  equivalent 
parent  steel  that  was  alloyed  with  1/4  per  cent 
copper  plus  1/8  per  cent  nickel  for  improved  HIC 
resistance  and  .07  per  cent  vanadium  in  place  of 
molybdenum  (both  carbide  formers) .  Note  the 
compatibility  of  both  weld  seams  for  the  thermal 
cycles  employed,  irregardless  of  precipitates 
coincident  with  tempering  that  would  otherwise 
endanger  toughness. 

Careful  process  controls  were  employed  to 
balance  the  high  temperatures  necessary  for 
acceptable  roundness  and  acceptable 
metallurgical  properties,  such  as  parent 
toughness  at  the  extrados.  One  can  imagine  the 
control  "window"  upon  careful  study  of  the 
figure,  noting  the  intrados  supported  a  higher 
temperature  where  material  flow  was  in  greatest 
demand.  Ovality  and  flattening  were  3.1  per 
cent  and  1.8  per  cent  maxlmums,  respectively, 
and  2.1  per  cent  and  I.O  per  cent  maximuras  when 
applying  mechanical  constraint. 

CONCLUSION 

With  cooperation  between  the  manufacturers 
of  the  plate,  the  welding  consumables,  the  pipe 
and  the  induction  bends,  it  is  possible  to  make 
bendable  linepipe  for  forming  elbows  for  high- 
strength,  severe  service:  acceptable 
dimensional  and  metallurgical  properties  from 
demanding  TM  cycles. 


448  MPa  (24"  OD  x  .500"  NW  x  3D  x  90° ,  X65) 
bends,  with  Diff  =  16,  were  formed  from 
straight-seam  DSAW,  cold  expanded  pipe. 

The  parent  steel  was  aluminum  deoxidized 
and  calcium  treated,  with  sulphur  =  .001  to 
.002  per  cent  and  phosphorous  =  .012  per  cent, 
and  Chen  continuous  cast  and  control  rolled. 
The  welds,  deposited  while  submerged  under  a 
highly  basic  flux  to  control  the  oxygen 
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ABSTRACT 

In  general,  the  offshore  petroleum  industry  has 
had  good  experience  with  structural  steels. 
This  can  be  attributed  to  the  conscious  coopera¬ 
tion  between  domestic  international  steel 
suppliers  and  those  involved  in  offshore  design, 
fabrication,  certification  and  operation.  This 
involvement  of  all  interested  parties  has 
resulted  in  major  advances  in  the  steel  making 
process  and  the  introduction  of  new  technology 
steels  that  meet  the  demand  for  higher  strength, 
good  through  thickness  (Z-direction)  properties, 
higher  toughness,  and  improved  weldability. 
This  paper  reviews  offshore  industry  experiences 
highlighting  successes  and  discussing  the  cause 
and  the  effect  of  the  few  problems  on  the  steel 
technology.  The  paper  will  also  provide  some 
insight  on  the  current  concerns  of  the  offshore 
industry  with  structural  steels  as  it  moves  to 
develop  offshore  facilities  in  deepwater  and 
arctic  conditions. 


OVER  THE  LAST  TWO  DECADES,  technology  employed 
by  the  offshore  petroleum  industry  has  seen 
dramatic  changes  to  allow  exploration  and 
production  in  environments  that  were  considered 
prohibitive  twenty  years  ago.  This  technology 
development  which  has  revolutionized  the  off¬ 
shore  petroleum  activities  is  the  result  of  a 
conscious  cooperation  between  all  those  involved 
in  offshore  exploration  and  development.  Fig¬ 
ure  1  provides  a  historical  and  projected  water 
depth  for  offshore  exploration  and  production 
activitles(I) .  This  exponential  Increase  in 
water  depth  was  a  major  motive  for  the  offshore 
industry  to  develop  new  concepts  such  as  Tension 
Leg  Platforms  and  to  strive  to  reduce  the  weight 
of  both  these  new  concepts  and  the  conventional 
fixed  jackets.  The  weight  reduction  of  conven¬ 
tional  offshore  structures  was  achieved  by 
eliminating  uncertainties  and  reducing  conserva¬ 
tism.  It  is,  therefore,  not  surprising  nowadays 


to  see  much  lighter  jackets,  with  as  much  as 
25  percent  reduction  in  the  weight  of  the 
structural  steel,  as  compared  to  similar  designs 
of  a  few  years  ago(2)  .  The  combination  of 
structural  optimization,  weight  reduction, 
increased  water  depth,  and  the  operation  in 
harsher  environments  made  offshore  operators 
more  conscious  of  the  need  for  large  quantities 
of  structural  steels  with  improved  quality, 
strength,  toughness  and  weldability.  Responding 
to  this  need,  major  steelmakers  invested  heavily 
in  new  plants  and  facilities  to  modify  the 
process  route.  This  resulted  is  several  major 
changes  in  the  steelmaking  processes  which 
included  the  close  control  of  the  blast  furnace 
to  the  supply  of  desulfurized  iron,  the  wide 
spread  use  of  continuous  casting  of  thick  slab 
for  rolling  to  plate,  the  introduction  of  vacuum 
arc  degassing,  vacuum  degassing,  argon  stirring 
and  injection  techniques,  and  the  almost  exclu¬ 
sive  use  of  basic  oxygen  steelmaking  (3).  In 
addition,  extensive  research  and  development 
programs  were  initiated  by  some  steel  and 
operating  companies  which  resulted  in  the  major 
improvement  of  conventional  steels  and  the 
commercial  application  of  new  steels  such  as 
controlled  rolled  accelerated  cooled,  and  low 
alloy  quench  and  tempered  (Q&T)  steels. 

Advances  in  offshore  structural  steels  are 
intended  to  achieve  higher  strength,  increased 
toughness,  improved  weldability,  and  resistance 
to  lamellar  tearing.  This  is  in  addition  to 
improved  fatigue  and  corrosion  resistance.  In 
order  to  achieve  these  goals  it  was  Important  to 
reduce  impurities  such  as  sulphur,  nitrogen  and 
phosphorous  in  the  steelmaking  process  of 
conventional  steels.  A  major  challenge  was, 
however,  to  also  reduce  the  carbon  content,  the 
carbon  equivalent,  and  the  alloy  content  to 
Improve  the  weldability  while  maintaining 
strength.  The  development  of  the  controlled 
rolled  accelerated  cooled  steels  was  one  of  the 
steel  Industry's  answers  to  this  challenge. 

This  paper  reviews  offshore  industry 
experiences  highlighting  the  successes  and 
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discussing  the  cause  and  the  effect  of  the  few 
problems  on  the  steel  technology.  The  paper 
will  also  provide  some  insight  on  the  current 
concerns  of  the  offshore  industry  with  struc¬ 
tural  steels  as  it  moves  to  develop  offshore 
facilities  in  deepwater  and  arctic  conditions. 

STEEL  SELECTION  FOR  OFFSHORE  STRUCTURES 

Although  the  offshore  Industry  has  had  good 
experience  with  structural  steel,  failures  have 
been  reported  on  drilling  and  production  struc¬ 
tures  that  were  build  in  the  1950s  and  60s 
(4,5,6).  Early  structures  were  fabricated  from 
API  5L  B  pipe  or  conventional  structural  steels 
such  as  ASTM  A7  and  ASTM  A36.  Failure  analysis 
studies  on  several  salvaged  structures  have 
shown  that  low  notch  toughness,  laminations  in 
the  steel,  lamellar  tearing  and  poor  weldability 
were  major  contributors  to  the  failures. 
Figures  2  and  3  illustrate  some  of  these  prob¬ 
lems.  In  order  to  avoid  these  problems  in 
future  structures,  the  offshore  industry  and 
major  steel  companies  Initiated  extensive 
research  programs  to  develop  and  qualify  high 
quality  structural  steels.  These  developments 
included  the  reducing  of  sulfur  to  levels  below 
0.01  weight  percent,  reducing  carbon  content, 
increasing  manganese,  reducing  carbon  equiva¬ 
lent,  understanding  the  interaction  between 
chemical  compositions,  reducing  of  impurities 
and  nonmetalllc  inclusions,  controlling  grain 
size  by  using  low  temperature  rolling,  using 
selected  microalloying  elements,  etc. 

The  types  of  structural  steels  used  by  the 
offshore  Industry  ncludes:  killed  fine  grain 
normalized,  controlled  rolled,  quench  and 
tempered,  controlled  rolled  and  accelerated 
cooled  (referred  to  as  TMCP) ,  and  precipitation 
hardened  steels.  The  newer  steels  differ  in 
their  approach  to  achieve  high  toughness  and 
Improve  weldability  while  maintaining  the 
strength.  Table  1  provides  a  summary  of  the 
primary  strengthening  mechanisms  for  various 
steel  types.  Figure  4  illustrates  the  effect  of 
different  strengthening  mechanisms  on  the 
fracture  toughness  of  steel.  Figure  5  gives  the 
general  relationship  between  the  yield  strength 
and  the  weldability,  as  measured  by  the  carbon 
equivalent,  of  the  different  steels.  Conven¬ 
tional  steels  refer  to  normalized,  controlled 
rolled  and  quench  and  tempered  steels.  The 
TMCP,  precipitation  hardened,  and  new  lean  alloy 
quenched  and  tempered  steels  are  considered  new 
technology  steels. 

INDUSTRY  STANDARDS  FOR  OFFSHORE  STRUCTURAL  STEEL 

During  the  mid-1960s,  several  in-service 
and  structural  fabrication  problems  that  were 
attributed  to  inadequate,  undefined,  or  incon¬ 
sistent  steel  properties  were  encountered  by 
several  of  the  major  U.S.  Gulf  of  Mexico  opera¬ 
tors.  These  problems  illustrated  that  the 
common  (ASTM)  structural  steels  produced  by 
domestic  mills  often  did  not  meet  the  design/ 
service  need  for  the  offshore  Industry.  Con¬ 


ventional  structural  steel  standards  such  as 
ASTM  did  not  generally  address  properties  such 
as  weldability,  lamellar  tear,  laminations,  and 
toughness.  As  a  result,  during  the  late  1960s 
several  operators  began  to  develop  their  own 
steel  specifications  for  the  purpose  of  obtain¬ 
ing  better  quality  steels. 

As  in  the  case  with  the  steel  suppliers 
who,  under  the  continuous  demand  from  offshore 
operators  for  better  quality  steel,  made  a 
conscious  effort  to  make  major  advances  in 
steelmaking;  the  standards  writing  and  certify¬ 
ing  authorities  were  engaged  in  preparing  new 
standards.  The  effort  to  write  custom  made 
specifications  for  the  offshore  industry  was 
started  in  1967-68  by  the  American  Petroleum 
Institute  (API).  This  effort  was  followed  by 
government  sponsored  efforts  in  countries  across 
the  Atlantic  such  as  the  UK  and  Norway.  The 
success  of  these  extensive  specification  writing 
efforts  required  the  commitment  and  cooperation 
of  offshore  operators,  steel  suppliers,  and 
governmental  agencies. 

The  API  effort  to  develop  steel  plate  and 
other  specifications  for  offshore  tubular 
structural  applications  took  advantage  of 
specifications  that  were  developed  in  the  early 
1970s  by  several  oil  companies.  These  speci¬ 
fications  were  used  by  API  as  a  basis  for 
developing  the  first  API  Specification  2H,  which 
was  issued  in  January  1974.  Later  editions 
included  specific  requirements  for  notch  tough¬ 
ness,  and  supplemental  requirements  for  notch 
toughness  at  lower  temperature,  lower  nitrogen, 
ultrasonic  testing  to  identify  laminations, 
Z-direction  testing,  individual  plate  testing, 
low  sulphur,  and  preproduction  qualification. 
The  fifth  edition  of  API  2H  was  approved  in  1987 
and  issued  in  the  summer  of  1988. 

API's  approach  to  standards  is  based  on  the 
use  of  specifications,  recommended  practice  (RP) 
documents  and  bulletins.  Specifications  are 
used  to  Identify  a  product,  e.g.  steel  plate, 
while  an  RP  is  used  to  identify  a  method  or 
practice  such  as  RP  2X — Recommended  Practice  for 
Ultrasonic  Examination  of  Offshore  Structural 
Fabrication.  Bulletins  are  used  to  convey 
technical  or  other  information  on  a  particular 
subject.  The  need  to  prepare  such  documents 
starts  with  the  identification  of  an  available 
technology  being  used  by  some  of  the  major 
operators.  Then  the  appropriate  API  committee 
forms  a  task  group  to  develop  the  necessary 
information  and  prepare  an  acceptable  draft 
document.  This  document  with  all  supporting 
information  is  presented  to  the  appropriate 
subcommittee,  and  if  accepted  will  be  voted  by 
letter  ballot  by  all  voting  members.  Generally, 
all  'negative'  ballots  are  resolved  before  the 
document  is  printed.  Therefore,  the  API  stan¬ 
dards  reflect  the  consensus  of  the  industry 
which  in  the  case  of  structural  steel  specifica¬ 
tions  Includes  offshore  operators,  fabricators, 
and  steel  companies.  Specifications  such  as 
API  2H,  2W  and  2Y  are  currently  available.  The 
API  2W  in  a  new  specification  which  addresses 
the  new  (TMCP)  steels. 
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USERS'  PHILOSOPHY  ON  STEEL  SPECIFICATIONS 

Traditionally,  for  large  offshore  projects 
the  operator  will  most  likely  purchase  the  steel 
and  free  issue  it  to  the  fabricator.  This  steel 
is  purchased  based  on  steel  specifications  that 
are  developed  by  the  operator.  In  general, 
there  are  two  basic  approaches  to  developing 
these  specifications. 

One  approach  is  to  write  a  comprehensive, 
purpose-written  specification  which  Includes 
information  on  the  required  steelmaking,  chem¬ 
istry,  mechanical  properties,  weldability  data, 
tolerances,  inspection,  marking,  statistical 
data  reporting  and  delivery  conditions  which  are 
usually  tailored  for  the  specific  project 
requirements.  This  type  of  specification  is  a 
stand  alone  document  which  reflects  Che  opera¬ 
tor’s  philosophy  and  past  experience,  and 
includes  all  relevant  parts  of  the  industry 
accepted  standards  and  recommended  practice. 

Another  approach  is  to  adopt  an  industry 
standard,  which  generally  represents  a  minimum 
performance  specification,  as  a  baseline 
specification  and  then  add  a  list  of  special 
requirements  and  exceptions  to  the  standard 
specification.  These  requirements,  generally. 
Include  additional  limitations  on  chemical 
composition,  higher  toughness,  weldability 
evaluation,  reduced  tolerances  and  Increased 
frequency  of  testing. 

Although  both  approaches  have  been  used  and 
both  can,  in  principle,  provide  acceptable 
materials,  the  first  approach  may  be  necessary 
and  more  suitable  for  purchase  of  steel  for 
critical  applications.  The  stand  alone  specifi¬ 
cation  is  likely  to  be  more  consistent  because 
the  chance  of  conflict  between  the  special 
requirements  and  the  industry  standard  can  be 
eliminated.  Although  it  may  be  expected  that 
the  first  approach  will  result  in  increased 
steel  cost,  actual  data  show  that  for  large 
steel  orders  no  Increase  in  cost  has  been 
observed . 

The  above  argument  does  not  imply  that 
Industry  standards  are  unnecessary  but  it 
reflects  the  reality  that  most  national  stan¬ 
dards  provide  minimum  requirements.  Also,  they 
are  often  based  on  a  compromise  between  the 
members  of  the  specification  writing  committee 
which  may  be  dominated  or  influenced  by  full 
time  professional  employees  of  the  special 
interest  groups.  Most  committees  are  made  up  of 
producers,  consumers  and  independents.  For 
example,  a  steel  specification  committee  is 
often  made  up  of  producers  (steel  companies), 
consumers  (oil  companies)  and  Independents 
(usually  consultants).  Therefore,  the  standards 
may  not  reflect  the  capability  of  the  state-of- 
the-art  steel  mills.  It  is  interesting  to 
compare  the  API  2H:  1974  and  1986  specifications 
with  the  composition  of  typical  offshore  struc¬ 
tural  steels  produced  in  the  early  1970s  and 
those  produced  now.  Such  a  comparison  is 
provided  in  Table  2.  It  is  clear  from  Table  2 
that  even  the  1986  API  specification  does  not 
totally  reflect  current  steelmaking  capabil¬ 


ities,  and  that  within  the  last  decade  major 
improvements  in  steel  weldability,  toughness  and 
lamellar  tear  resistance  were  achieved  through 
dramatic  reduction  in  elements  such  as  sulphur 
and  carbon.  In  several  cases,  by  the  time  the 
specification  was  ready  for  publication  it 
represented  an  out-dated  technology. 

A  major  difference  between  an  industry 
standard  and  an  oil  company  specification  is 
that  the  company  standard  will  reflect  specific 
design,  fabrication  and  operating  requirements. 
Therefore,  the  company  specification  may  include 
requirements  for  higher  toughness,  good  weld¬ 
ability,  Z-direction  properties,  limits  on 
impurities  and  alloying  elements,  higher  fre¬ 
quency  of  testing,  special  mechanical  tests,  and 
limits  on  the  minimum  and  maximum  values  of  both 
yield  and  tensile  strength.  Requirements  such 
as  matching  weld  metal  properties,  compensating 
for  potential  deterioration  of  HAZ  properties 
when  using  specific  welding  process,  minimizing 
the  number  of  welding  procedures  and  their 
qualifications,  limiting  deterioration  due  to 
strain  aging,  and  other  considerations  can  only 
be  reflected  in  a  purpose  written  specification. 

RECENT  ADVANCES  IN  OFFSHORE  STRUCTURAL  STEEL 

Most  offshore  structures  have  been  built 
using  normalized  carbon-manganese  steel. 
However,  advances  in  computer  control  and 
rolling  capacity  led  to  the  development  of  a  new 
class  of  steels,  namely  TMCP  (Thermo-Mechanical 
Control  Process)  steels,  with  higher  strength, 
high  fracture  toughness,  improved  weldability 
and  lower  cost.  The  TMCP  involves  both  control¬ 
led  rolling  and  controlled  (accelerated)  cooling 
using  either  controlled  water  sprays  or  direct 
quenching.  Figure  6  provides  a  schematic 
diagram  of  the  conventional,  controlled  rolled, 
and  TMCP  processes.  The  TMCP  produces  a  very 
fine  grain  steel  (ASTM  10-12)  and,  thus, 
achieves  the  desired  properties  by  a  combination 
of  carefully  selected  chemical  composition  and 
accurate  control  of  the  manufacturing  process 
from  slab  reheating  to  postrolling  cooling. 
TMCP  steels  are  characterized  by  low  carbon 
content  (usually  less  than  0.10  weight  percent) 
which  makes  the  steel  less  susceptible  to 
hardness  increase  due  to  high  cooling  rates 
(between  80C°C  and  500°C)  during  welding.  It 
is,  therefore,  expected  that  TMCP  steels  can  be 
welded  with  little  or  no  preheat  which  can 
result  in  lower  fabrication  cost  (7). 

Users  must  realize  that  TMCP  is  a  "generic" 
term  that  refers  to  a  family  of  steels  manu¬ 
factured  to  proprietary  processes,  procedures, 
and  chemical  compositions.  Steel  suppliers  may 
refer  to  TMCP  steels  using  proprietary  names 
such  as  OLAC  (On-Line  Accelerated  Cooling) ,  MACS 
(Multipurpose  Accelerated  Cooling  System),  CLC, 
DAC,  KONTCOOL,  etc.  Although  TMCP  steels 
contain  a  small  amount  of  alloy  additions,  the 
interactions  are  quite  complex  and  some  of  the 
information  may  be  considered  proprietary.  The 
formation  of  particular  phases  or  precipitates 
depends  not  only  on  the  absolute  amount  of  the 
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elements  but  also  on  the  interaction  effect  with 
other  elements,  the  processing  variables,  and, 
in  some  cases,  the  sequence  in  process  or 
addition  of  elements.  As  an  example,  the  ratio 
of  Ti  to  N  must  be  carefully  controlled  to 
promote  the  desired  amount  of  TiN  formation. 
Excess  Ti  may  form  TiC,  which  is  detrimental  to 
toughness . 

When  TMCP  steel  was  first  introduced  two 
types  of  problems  were  reported  (8).  The  first 
is  that  residual  stresses  which  remain  in  the 
TMCP  steel  plate  tend  to  be  higher  than  those  in 
a  conveutionai  normalized  steel  plate.  ihere- 
fore,  greater  distortions  can  occur  during  flame 
cutting  and  welding.  This  problem  which  was 
rather  serious  during  early  stages  of  the 
developments  of  TMCP  steels  has  been  resolved 
through  improvements  of  cooling  processes.  Some 
distortions  are  still  experienced  when  flame 
cutting  long  strips  from  large  steel  plate.  The 
second  problem  is  related  to  reduction  in 
strength  in  some  regions  of  the  heat  affected 
zone  (HAZ)  of  weldments.  Pot  thin  plates,  this 
problem  can  be  accommodated  by  appropriate 
selection  of  welding  process  and  procedures. 
For  thick  plates,  above  50  mm  thickness,  the 
problem  can  be  minimized  with  appropriate 
microalloying  additions,  process-variable 
control,  and  welding  processes.  This  may, 
however,  result  in  an  increase  in  the  steel  or 
fabrication  cost. 

TMCP  steels  have  been  used  successfully  for 
a  number  of  major  offshore  structures  and 
pipeline  projects  (8).  In  addition  to  the  use  of 
TMCP  steels  for  mobile  arctic  drilling  rigs,  the 
first  documented  successful  use  of  TMCP  steel 
for  a  major  offshore  structure  was  for  Norsk 
Hydro's  Oseberg  jacket  in  the  North  Sea.  About 
65,000  tons  of  CLC  steel  were  supplied  by  Nippon 
Steel  Corporation  (9).  The  specified  minimum 
yield  strength  of  the  steel  varied  between 
355  N/mm  for  plate  thickness  equal  to  or  less 
than  25  mm,  and  310  N/mm‘^  for  plate  thickness 
between  75  and  120  mm.  Other  uses  of  TMCP 
steels  for  major  projects  include  Conoco's 
Jolllet  TLWP  and  Shell's  Bullwlnkle  jacket  which 
successfully  utilized  both  normalized  and  TMCP 
steels.  Although  all  published  information  do 
not  suggest  any  problem  with  TMCP  steels,  a  new 
user  must  be  careful  because  of  the  limited 
experience  and  the  tendency  of  most  users  and 
suppliers  to  only  report  success  stories.  This 
concern  will  be  discussed  later. 

Another  type  of  steel  that  has  been  used  by 
the  US  Navy  as  a  substitute  to  the  HY  80  grade 
is  a  precipitation  hardened  steel  which  is 
similar  to  ASTM  A710.  Unlike  the  traditional 
carbon  steel,  which  is  strengthened  by  pearlite 
and,  therefore,  requires  certain  level  of 
carbon,  A710  uses  copper  to  form  a  finely 
dispersed  copper  precipitate  in  conventional 
ferrite  microstructure.  This  is  a  very  effec¬ 
tive  strengthening  mechanism  which  allows  the 
carbon  content  to  be  reduced  to  exceptionally 
low  levels  which  results  in  Improved  weld¬ 
ability.  A  drawback  of  this  steel  is  that  it 


relies  upon  a  higher  level  of  alloy  addition  and 
requires  a  heat  treatment  making  the  cost  higher 
than  (about  twice)  microalloyed  steels.  This 
issue  has  been  recognized  by  the  Japanese  steel 
companies  who  are  currently  active  in  combining 
the  technologies  of  both  the  TMCP  and  precipita¬ 
tion  hardened  steel  to  produce  high  strength 
steel  (above  80  ksi  yield)  at  low  cost. 

INDUSTRY  CONCERNS 

Although  the  offshore  industry  has  extr-- 
sive  experience  with  structural  steels,  there 
are  still  several  areas  where  debate  on  the 
optimum  steel  chemistry  and  steel  making  process 
continues  within  the  industry  (both  steel 
suppliers  and  users).  It  is,  sometimes,  dif¬ 
ficult  for  the  users  to  understand  the  real 
cause  of  the  difference  of  opinion  between  the 
steel  suppliers.  Is  it  due  to  variation  in 
experience  and  available  data,  or  due  to  varia¬ 
tion  in  available  steel  making  facilities? 
However,  the  underlying  fact  is  that  modern 
structural  steel  making  is  becoming  a  very 
complex  and  highly  scientific  process.  Full 
understanding  of  all  the  intricate  interactions 
is  of  paramount  importance  to  establish  the 
optimum  chemistry  and  process  for  high  quality 
steel.  The  application  of  stringent  quality 
control  during  steel  production  cannot  be 
overemphasized.  Recognizing  this  issue  and 
because  of  several  failures,  most  users  specify 
higher  frequency  of  testing  for  critical  appli¬ 
cations.  This  may  minimize  potential  problems 
but  cannot  eliminate  all  of  them.  Mill  quality 
control  is  the  only  reliable  approach. 

The  steel  companies  are  still  debating 
which  is  the  best  approach  to  eliminate  the  risk 
of  lamellar  tearing.  Some  suggest  that  the  best 
approach  is  to  reduce  the  sulfur  level  to  below 
0.008  percent  while  others  argue  that  a  better 
approach  is  through  the  modification  of  the 
sulfide  shape.  The  latter  approach  relies  on 
the  addition  of  calcium  or  rare  earth  metals  to 
form  spheroidal  calcium  or  rare  earth  sulfides. 
This  approach  usually  results  in  both  the 
elimination  the  risk  of  lamellar  tearing  and 
Improvement  of  the  transverse  impact  properties 
(3).  Most  users  prefer  the  implementation  of 
both  approaches. 

In  order  to  improve  weldability  and  reduce 
HAZ  hardness,  carbon  contents  have  been  dropped 
from  a  previous  range  of  0.16  to  0.24  percent  to 
a  range  of  0.07  to  0.15  percent,  and  carbon 
equivalents  (IIW)  are  now  often  below  0.4.  In 
order  to  meet  the  strength  requirement  for 
normalized  steel,  the  reduction  of  carbon  is 
compensated  for  by  an  increase  in  solid  solution 
hardening  elements  such  as  manganese,  silicon, 
nickel,  copper,  niobium  and  vanadium.  In 
addition,  stringent  control  of  residual  elements 
such  as  Bl,  Sb,  Sn,  N,  As,  and  P  is  Imposed  to 
eliminate  the  potential  of  embrittlement  by 
grain  boundary  segregation  and  deterioration  of 
HAZ  toughness.  This  is  the  reason  that  the 
company  purpose  written  specification  specifies 
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limits  and  requests  reporting  on  more  elements 
than  industry  standards  as  illustrated  in 
Table  2. 

Another  concern  to  users  is  segregation 
arising  from  the  use  of  continuous  casting,  i.e. 
centerline  segregation.  The  extent  of  segrega¬ 
tion  depends  on  composition,  ladle  superheat, 
the  condition  of  the  continuous  casting  equip¬ 
ment  (roll  gap,  roll  alignment,  roll  bending, 
roll  wear) ,  and  slab  heating  times  and  tempera¬ 
tures.  The  benefits  of  using  electromagnetic 
stirring  to  redistribute  the  centerline  segrega¬ 
tion  band  is  being  questioned  because  all  that 
is  done  is  to  spread  the  potentially  harmful 
zone  over  a  greater  portion  of  the  central 
region.  The  approach  preferred  by  users  is  to 
minimize  segregation  in  the  first  place  by 
ensuring  the  proper  condition  of  the  continuous 
casting  equipment,  and  by  minimizing  the  use  of 
elements  known  to  segregate  easily  during 
solidification.  These  elements  include  C,  Mn,  S 
and  P.  Users  also  specify  minimum  slab  soaking 
time  and  temperature  to  reduce  centerline 
segregation.  However,  requirements  for  testing 
of  centerline  properties  may  be  a  more  effective 
method  of  control. 

With  the  introduction  of  ultra  clean  low 
carbon  steels  such  as  TMCP  steels,  a  concern  has 
been  developed  regarding  the  susceptibility  to 
develop  local  brittle  zones  (LBZ)  in  the  HAZ. 
This  is  an  issue  which  is  being  addressed  in 
several  fronts.  LBZ  refers  to  areas  in  the  HAZ 
where  fracture  toughness  deterioration  is 
greatest.  The  HAZ  can  be  subdivided  as  shown  in 
in  Figure  7  based  on  the  peak  temperature 
reached  and  thermal  cycles.  It  is  known  that 
HAZ  areas  with  reduced  fracture  toughness  due  to 
welding  are;  1)  the  subcrltical  HAZ  (SCHAZ)  , 
2)  the  intercr i t lea  I  HAZ  (ICHAZ),  and  3)  the 
coarse  grain  (CG)  regions.  Tn  most  steels  LBZ 
are  associated  with  the  CG  regions  (10). 
Evaluation  of  wide  plate  tests  suggest  that 
fractures  are  likely  to  initiate  from  the  CG 
areas  where  grain  size  is  greater  than  80  mi¬ 
crons  (ASTM  A)  (11).  The  CG  regions  consist  of 
the  unaltered  CGHAZ ,  the  IRCC,  and  the  SRCG 
(defined  in  Figure  7). 

The  questions  are:  1)  What  is  the  con¬ 
nection  between  the  steel  chemistry,  steel 
making  practice,  and  the  presence  of  LBZs? 
2)  What  is  the  significance  of  LBZs  to  service 
performance?  Although  the  answer  is  still  being 
debated,  most  industry  experts  agree  that  the 
presence  of  LBZs  is  neither  a  new  problem  nor 
confined  to  TMCP  steels  (10-13).  However,  the 
possibility  is  greater  that  the  ultraclean  low 
carbon  steels  such  as  TMCP  steels  may  exhibit 
significantly  greater  tendencies  toward  grain 
coarsening  during  welding.  It  is  generally 
accepted  that  LBZ  resulting  from  high  heat  input 
welding  (>1.5  kJ/rara)  are  more  likely  to  be 
detrimental  than  LBZ  from  low  heat  input  proces¬ 
ses.  Several  offshore  operators  take  the 
problem  seriously  and  extensively  evaluate  the 
HAZ  toughness  of  candidate  steels  prior  to 
purchase.  In  response  to  this  need  API  devel¬ 
oped  the  recommended  practice  API  RP  2Z  (lA). 


Figures  8  and  9  show  the  influence  of  cooling 
time  between  800  and  500  C,  and  the  peak  tem¬ 
perature  on  CVN  fracture  toughness  of  both 
normalized  and  TMCP  steels  with  the  chemical 
composition  given  in  table  3.  Both  steels  show 
a  drop  in  toughness  after  being  subjected  to  the 
intercritical  temperature.  Although  this 
normalized  steel  has  a  relatively  very  low 
carbon,  TMCP  steels  appear  to  be  more  sensitive 
to  cooling  rate  and  peak  temperature. 

As  stated  above,  the  presence  of  LBZs  is 
neither  a  new  problem  nor  limited  to  TMCP 
steels.  Also  no  structural  failure  has  ever 
been  reported  due  to  LBZs.  It  is,  therefore, 
justifiable  to  ask:  Do  LBZs  really  have  any 
structural  significance  to  justify  this  concern? 
The  answer  to  this  question  is  still  being 
evaluated  within  the  offshore  industry  and  no 
consensus  has  been  reached.  The  view  of  the 
authors  is  that  the  offshore  industry  should  not 
Ignore  LBZs  in  structures  fabricated  from  any 
stee 1 . 

Unlike  normalized  steel  in  which  the  HAZ 
yield  strength  is  usually  higher  than  the  base 
plate,  the  HAZ  yield  strength  of  TMCP  steels 
tends  to  be  lower  than  the  base  plate,  espe¬ 
cially  with  higher  heat  input  welding  processes. 
Since  local  strain  will  tend  to  concentrate  in 
the  lower  strength  region,  a  fatigue  crack  will 
tend  to  propagate  within  that  region.  As  a 
result,  the  crack  front  may  sample  more  LBZs  in 
TMCP  steels  than  it  would  in  normalized  steel. 
Therefore,  extrapolating  the  industry  experience 
with  normalized  steels  to  TMCP  steels  may  not  be 
appropriate.  Realizing  that  CG  region  will 
always  exist  In  .structural  steels,  but  its  size 
and  properties  depends  on  both  the  steel  and  the 
welding  process,  it  is  necessary  to  identify 
what  would  be  an  acceptable  size.  Most  materi¬ 
als  experts  in  the  offshore  industry  believe 
that  LBZs  will  have  a  minimal  influence  on 
toughness  if  it  represents  less  than  10  percent 
of  the  crack  front.  Recent  results  by  Fairchild 
(13)  appears  to  confirm  this  number.  Figure  10 
shows  that  as  long  as  the  percent  of  the  CG 
regions  sampled  by  the  crack  front  of  CTOD 
specimens  is  less  than  7  percent,  no  low  tough¬ 
ness  values  were  measured. 

Although  the  offshore  industry  has  been 
using  advanced  fracture  mechanics  analysis 
methods  and  testing,  such  as  CTOD,  J  ,  R,  and 
wide  plate,  to  assess  structural  int^rity  and 
establish  fracture  control  requirements,  design 
codes  still  rely  on  Charpy  energy  and  transition 
temperature  concepts  as  the  main  criteria.  Use 
of  Charpy  criteria  is  based  on  experience  with 
normalized  .Ateels  and  their  application  for  new 
technology  steels  may  be  inappropriate.  Factors 
such  as  strain  aging,  the  slope  of  the  transi¬ 
tion  curve,  the  relationship  between  the  speci¬ 
fied  Charpy  transition  temperature  energy  and 
nil  ductility  temperature  (NDT) ,  etc.,  must  all 
be  addressed  before  applying  the  current  code 
criteria.  For  example  current  codes  specify  30 
to  AO  joules  as  a  measure  for  the  transition 
temperature  (TR) .  This  can  be  valid  for 
normalized  steel  because  the  50  percent  shear 
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TR,  and  the  NDT  are  similar  to  the  35  J  TR. 
However,  for  TMCP  steel  the  50  percent  shear  TR 
will  correspond  to  a  greater  than  150  J  TR,  and 
the  NDT  will  correspond  to  the  upper  shelf 
energy . 

Due  to  geoeconomic  restrictions,  offshore 
operators  may  find  themselves  forced  to  build 
structures  using  both  normalized  and  TMCP  steels 
from  various  sources.  Welding  qualifications 
become  very  critical  to  ensure  a  low  hardness 
for  the  HAZ  of  the  normalized  steel  and  a 
minimum  deterioration  in  strength,  toughness, 
and  grain  size  for  the  HAZ  or  the  I'MCP  steels. 
Also,  TMCP  steels  were  developed  to  reduce 
fabrication  costs  by  eliminating  the  need  for 
preheat.  Although,  this  is  true,  the  cost  of 
fabrication  is  also  greatly  Influenced  by  the 
deposition  rate  which  usually  requires  high  heat 
input  for  high  deposition  rates.  The  use  of 
high  heat  input  welding  processes,  unless  very 
carefully  controlled,  can  be  detrimental  to  TMCP 
steels  not  specifically  designed  for  high  heat 
input  welding. 

CONCLUDING  REMARKS 

Traditionally,  the  steel  companies  placed 
their  primary  emphasis  on  developing  new  steels 
with  improved  properties,  while  fabricators  were 
involved  in  developing  improved  fabrication 
technology  and  higher  production  welding  proces¬ 
ses.  Historically,  fabricators  have  not  sup¬ 
ported  significant  technology  development,  and 
due  to  business  reduction  in  recent  years,  they 
have  lost  valuable  expertise  in  many  cases. 
Realizing  that  this  situation  cannot  be  expected 
to  change  for  some  time  to  come,  it  is  necessary 
for  steel  companies  to  devote  some  of  their 
development  budget  to  welding  technology  to 
bring  it  to  a  level  consistent  with  the  current 
level  of  steel  technology.  A  select  few  of  the 
offshore  oil  producers  actively  conduct  research 
and  encourage  steel  producers,  welding  consum¬ 
able  manufactures,  and  welding  equipment  manu¬ 
factures  to  develop  and  produce  Improved 
products.  In  order  to  fully  utilize  the  proper¬ 
ties  of  new  technology  steels,  additional 
research  efforts  must  be  directed  toward  welding 
consumables  and  welding  processes. 

Future  offshore  exploration  and  development 
will  probably  concentrate  in  deepwater  and  the 
Arctic.  This  offers  the  petroleum  industry,  the 
fabricators,  and  the  steel  companies  several 
challenges.  The  problem  of  HAZ  toughness  when 
using  high  deposition  rate  welding  needs  to  be 
addressed.  Steels  that  can  be  easily  welded 
underwater  would  be  attractive  when  repair  is 
necessary.  Also,  most  tendons  for  deepwater 
TLPs  are  being  designed  to  be  neutrally  buoyant 
which  means  that  sizes  in  the  order  of  45  inches 
in  diameter  and  1.5  inch  wall  thickness  are 
expected.  The  offshore  industry  is  concerned 
that  facilities  to  produce  these  size  tubulars 
in  long  lengths  are  quite  limited  and  may  not 
currently  exist.  Methods  other  than  the  U-0 


process  will  produce  an  inferior  product  at  a 
much  higher  cost. 

In  order  to  insure  that  solutions  to  these 
problems  are  developed,  the  offshore  operators 
should  continue  their  research  and  encourage 
fabricators,  steel  manuf acttirers ,  and  companies 
involved  with  welding  to  concentrate  on  address¬ 
ing  these  problems. 
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Table  1.  Primary  Strengthening  Mechanisms 
for  Various  Steel  Types 


Strengthening 

Mechanism 


Normalized 


r  'ntroll ed- 
Rolled 


Steel  Type _ 

Quench 

and  Accelerated-  Precipitation- 

Tempered  Cooled  Hardened 


Reduction  in  Grain  Size  x 

Increase  in  Solid  Solution  x 

Increase  in  Dislocation  Density 
Formation  of  Martensite  or  Bainite 
Precipitation  Hardening 


Table  2.  Comparison  Between  the 
Chemical  Composition  o 


API-2H 

(15) 

Element 

1974 

1986 

Carbon 

0.  18 

0.18,  max 

Manganese 

0.90-1.35 

1.15-1.6 

Phosphorus 

0.04 

0.04,  max 

Sulfur 

0.035 

0.02,  max 

Silicon 

0.15-0.3 

0. 15-0.40 

Columbium 

NS 

0.01-0.05 

Aluminum,  total 

NS 

0.02-0.05 

Nickel 

NS 

Chromium 

NS 

Molybdenum 

NS 

Vanadium 

NS 

Copper 

NS 

As 

NS 

Sn 

NS 

Sb 

NS 

CE,  max 

0.43 

Minimum  Yield  (ksi) 

42 

50 

X  X 

X 

X 

X 

X 

X 

X 

X 

API  Required  (Ladle) 

and  Typical 

Offshore  Structural 

Steel 

Typical- 1972 

Tyi 

)ical-1986 

U.S.  Mill 

Foreign  Mill 

0.  17 

0.  15 

0.  12 

1.30 

1.34 

1.44 

0.025 

0.015 

0.009 

0.02 

0.006 

0.001 

0.40 

0.30 

0.38 

0.05 

0.05 

0.20 

0.03 

0.040 

0.035 

NR 

0.17 

0.  18 

NR 

0.08 

0.009 

NR 

0.056 

0.001 

NR 

0.002 

0.001 

NR 

0.032 

0.  iC 

NR 

NR 

0.003 

NR 

NR 

0.001 

NR 

NR 

0.000 

0.41 

0.40 

00 

c 

42 

50 

50 

NS  :  Not  Specified 
NR  :  Not  Reported 

IIW  Carbon  Equivalent  (CE) 


Mn  Cr  +  Mo  +  V  Ni  +  Cu 
6  5  15 
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ABSTRACT 

Recent  developments  of  the  use  of  micr'o- 
alloying  elements  and  processing  technology  to 
produce  HSLA  steels  for  offshore  structures  are 
presented.  (1)  HAZ  toughness  is  improved  by 
new  mechanisms  which  utilize  Ti  oxide  or  TiN- 
MnS-Fe23 (CBig  as  ferrite  nucleation  site  within 
austenite  grain  to  produce  finer  microstructure . 
High  carbon  matensite  formed  in  the  intercriti- 
cally  heated  grain  coarsened  region  acts  an  a 
crack  initiation  site  and  should  bo  minimized  by 
proper  choice  of  microalloying  elements.  (?) 
Good  weld  metal  tcug.hness  is  obtained  when  aciculai’ 
ferrite  structure  is  introduced  by  proper  choice 
of  Mn  content  and  microalloying  elements.  New 
carbon  equivalent  parameter,  C'EN,  to  evaluate 
proper  hardenab i 11 ty  is  also  shown.  (T)  Effects 
of  microal  1  oying  e  1  ements  to  pi'o.'luce  finer  auste¬ 
nite  and  resultant  finer  microstructure  are 
I'oviowed.  Recent  progres.s  of  estimation  for 
recrystallization  and  transformation  of  micro- 
alloying  elementts)  Ci,intaining  si.eels  is  intro¬ 
duced.  Accelerated  cooling  technology  for  finer 
microstructure  and  str’engthone<l  ferrite  is 
stre.ased  to  obtain  good  t.ouglines.s  and  .strength 
with  low  carbon  equivalent.  (A)  Processing 
teclinique  to  control  imfiurities  and  desirtvl 
microalloying  element.-;  is  practiced  by  the  .aid 
of  processing  computer'.  (S)  Finally,  products 
for  offshore  structures  recently  developerl  hy 
microalloying  technology  are  presented. 

NGMEN(T..ATIIRE 

TMfl’  l.hermo-mochanical  contr’ol  process 
CR  cont.rolled  rolllrtg 

/  aus tetri  t.e 

"  fort- 1  to 

M*  high  carhon  martensite 

HA/,  weld  heat-affected  zorre 
IFP  i  nt  ra-grann  I  ar  ferrite  plate 

I.HZ  I  (teal  britt.le  zorte 

vTr.a  fract  ure  appearance  t.ransr  f.iort  temp'’raturr,' 
by  'iharpy  V-not.clr  te.sl. 

Clop  crack  tip  opening  rl  i  .splacemerrt 


INTRODUCTION 

Microalltjylng  has  advanced  into  a  highly 
sophisticated  technology  In  line  with  the  de¬ 
velopment  of  steels  for  offshore  structures  that 
demand  the  most  comprehensive  and  severe  steel 
properties  a.mong  steel  -structures.  The  proper¬ 
ties  reqitired  of  steels  and  welding  materials 
irsed  to  develop,  produce,  store  and  transport 
energy  cover  a  wide  spectrum  as  follows: 

(1)  r.lrength,  ductility  and  toughness  of  base 
metal  and  -welded  joint 

(?)  Unsusceptibi ) i Ly  to  weld  cracking  (including 
l.amellai'  l.earing) 

(1)  Int'^rnal  soundne:.;:;  (ha-se  metal,  heat-affe:t- 
od  zon*^  ami  weld  mot.ai  ) 

(A)  Fatigue  strength  (  inc  lud  ing  corrosion  fatigue 
betiavior ) 

(B)  Corrosion  resistance  (inclmiing  resistance 
to  tiydrogen  itidured  cracking,  hydrogen  sulft'le 
ci'acking  and  .s'l'ess  cor-ro-sion  cracking) 

An  active  exploration  of  offsliore  oil 
fields  have  gradually  moved  from  warm  seas  tii 
subarctic  and  arctic  seas,  and  lai'ge  offshore- 
structuncs  tiave  been  built  from  ttie  standpoint 
of  economy,  /true  Lures  installed  and  operated 
in  subarctic  and  arctic  seas  must  be  absolutely 
safe  to  ensure-  environmental  protection  and 
operational  stability.  Brittle  fracture  is 
catastrophic  and  its  pi'evention  is  of  the  utmost 
importance.  ITiis  type  of  fracture  initiates 
and  propag.al.es  from  .a  latent  defect  or  extended 
fatigue  ct  .ack  in  weld.-;  with  higli  stress  concent¬ 
rations.  Be.sides  proper  design  and  fabrication 
methods,  steels  and  welding  materials  are  es- 
fxacially  required  t,o  be  capable  of  preventing 
the  occurrence  of  cracks  in  welds  and  inhibit¬ 
ing  the  initiat.ion  and  propagation  of  brittle 
Tract. lire,  11.  become.s  more  difficult  to  meet 
these  requirements  as  steel  plates  increase  in 
strength  and  thickness.  To  solve  the  technologi¬ 
cal  problems  involved,  many  theoretical  and 
pracl.ical  research  and  develoi'ment  efforts  have 
been  made  on  a  wide  range  of  subjects,  and 
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the  results  achieved  have  been  applied  to  the 
construction  of  structures.  Of  these  efforts, 
the  development  of  TMCP  steels  and  corresponding 
high-toughness  welding  materials  has  been  epochal 
and  has  provided  means  for  the  total  solution 
of  the  problems  noted  above. 

The  development  of  TMCP  steels  has  not 
depended  on  the  development  of  a  new  rolling 
process  alone.  The  TMCP  steels  have  also  been 
made  possible  by  basic  research  to  clarify  ra¬ 
tional  criteria  for  the  respective  steel  proper¬ 
ties  and  to  elucidate  factors  governing  the 
toughness  of  the  base  metal,  weld  metal  and 
heat-affected  zone  and  by  development  of  highly 
advanced  refining  and  rolling  techniques.  Above 
all,  the  results  of  studies  conducted  on  the 
effects  of  microalloying  elements  on  the  proper¬ 
ties  of  the  TMCP  steels  and  on  the  behavior  of 
the  TMCP  steels  in  the  refining,  casting,  roll¬ 
ing,  heat  treating  and  welding  steps  have  made 
the  TMCP  steels  commercially  successt'ul. 

Based  on  the  above  recognition,  this  report 
reviews  the  progress  of  technology  for  the 
microalloying  and  processing  of  HSLA  steels  and 
describes  the  future  problems  of  HSLA  steels 
by  focusing  attention  on 

(a)  the  effects  of  microalloying  elements  on 
notch  toughness  of  weld  heat-affected 
zone , 

notch  toughness  of  weld  metal, 

susceptibility  to  weld  cracking, 

notch  toughness  and  strength  of  base  metal 

(b)  developments  in  processing  of  TMCP  steels 

(c)  results  of  manufacturing  microalLoyed  steel 
plates  for  offshore  structures  by  applica¬ 
tion  of  TMCP  technology. 

In  this  paper  the  recent  technical  data  of 
Nippon  ."teel  Corporation  are  mainly  quoted  to 
assure  the  consistency  of  technical,  ideas  pre¬ 
sented,  paying  attention  to  the  pioneering 
works  throughout  the  world. 


BIULF  HISTORICAL  REVIEW  OF  APPLICATION 
OF  HICROALLOVING  ELEMENTS  TO  STEEL 
PLATE  MANUFACTURING 

Brittle  fractures  frequently  occurred  in 
entirely  welded  ships  in  World  War  II.  The 
sub.sequent  investigations  Into  the.se  failures 
brought  about  the  concept  of  toughness.  In  1958, 
toughness  and  strength  were  found  to  be  improved 
by  the  grain  refinement  of  ferr  i  te . ^  *  Nowa¬ 
days,  three  decades  later  since  then,  grain 
refining  is  .still  regarded  as  the  only  economi¬ 
cal  means  that  can  improve  both  strength  and 
toughness  at  the  same  time.  Therefore,  most  of 
the  studies  on  both  controlled  rolling  technology 
and  uhe  microalloying  technology  have  been  relat¬ 
ed  to  the  grain  refinement. 

Controlled  rolling  appeared  in  the  I95O3 
as  technology  for  manufacturing  AO  kgf/mm^ 
■■'.trength  shipbuilding  steels  with  improved  tough- 
ries.s.  In  1958,  the  controlled  rolling  technology 
for  carbon-manganese  steel  started  its  progress 
with  aluminum  addition  and  manganese/carbon 
ratio  increase,  among  other  techniques^ ) . 


High-strength  steel  produced  by  the  addition 
of  niobium,  a  microalloying  element  that  still 
occupies  the  most  important  position  in  the 
controlled  rolling  technology,  was  developed  in 
the  United  States  in  1958^  '  .  The  study  on  the 
effect  of  Nb  followed  successively^  t6  )  .  Micro- 
alloying  elements  advanced  literally  together 
with  the  controlled  rolling  technology. 

In  the  1960s,  the  role  of  microalloying 
elements  In  the  controlled  rolling  technology 
was  made  clearer,  and  new  steels  and  manufactur¬ 
ing  processes  were  developed.  For  example, 
strengthening  by  niobium  and  vanadium  is  due  to 
the  fine  precipitation  in  ferrite^  >*5  * ,  increas¬ 
ing  the  manganese  content  of  niobium-microalloy- 
ed  steel  lowers  the  Ar3  transformation  tempera¬ 
ture  and  increases  the  content  of  niobium  car- 
bonitrides  that  contribute  to  the  strength 
increase?),  and  the  addition  of  niobium  inhibits 
the  recrystallization  of  austenite^-?  ~  ) . 

In  1963,  Japan  developed  its  first  niobium- 
microalioyed  semi-killed  steel  with  a  yield 
point  of  36  kgf/mm^  ,  independently  of  Europe)^). 
The  controlled  rolling  technology  aimed  at 
increasing  strength  and  toughness  by  utilizing 
microalloying  elements  made  remarkable  progress 
in  1969  when  Japan's  three  steelmakers  jointly 
received  an  order  for  supplying  steel  plates 
to  produce  low-temperature  service  API  5LX65 
line  pipe  for  installation  in  Alaska.  The 
backbone  of  the  present  controlled  rolling 
technology  was  established  in  this  period. 

in  the  1970s,  the  efforts  to  obtain  high 
strength  and  toughness  with  a  lower  carbon 
equivalent  culminated  in  the  development  of 
extra  low-carbon-high-manganese-molybdenum-niobium 
acicular  ferrite  steel)-5)  and  extralow-carbon- 
high-mangancse-niobium  bainite  steel)6).  the 
last  half  of  the  1970s,  application  of  acceler¬ 
ated  cooling  technology  to  steel  plates  was 
earnestly  tackled  and  the  accelerated  cooling 
technology  accomplished  a  major  qualitative 
change  into  the  present  TMCP  technology. 

The  major  histrical  topics  are  shown  in 
Table  I. 
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Table  1  CR  and  TMCR  Technology  Development..-, 


Rese.^rch 


CR  pr-'CASsed 
Steel 
for  ship 
(Si-Mn ) 
(Europe  ) 


Nb  sdded 
HSLA 

(America ) 

Cuench  and 
temper  equipment 


Effect  of  Nb 
(C.A.Beiser) 


CR  for  Si-Mn  steel 
I  R  .'M  .VenderbrecK  ' 


1965 


Nb  added  X56 
(Japan) 


Nb  added  50 
YKS  (JAt'AN) 
class  f  steel 
(JAPAN) 


1980 


--  i  - 


Research  m  Nb 


Nb-V  added 


Steel  for  pipe 


Pearlite 
Red-j'-ed  I 

Struc-ual  | 

Steel  I 

(W .E .huckworlh ) I 


Itmcp 

TMCP 

accelerated 

wi  tti 

tccoling 

accelerated 

j'  .'AFSMl 

cool ing 

L  k  ,  - 

|50  s'leel  for 

(JAPAN) 

low  fiemperature 

50^  steel  for 

service 

line  pipe 

IMCP  wi'h'Oijf 

accelerated 

cool  ini; 

TMCF  with 

accelerated 

cooling 

< practical 

application ) 

Wtien  the  production  of  -steel  plates  for 
offshore  structure.^  i.s  designed,  the  strength 
and  toughness  of  welded  joint.s  are  factors  of 
equal  importance  as  those  of  base  metal.  Itocause 
of  the  heat  input  by  welding  and  of  the  resultant 
transformation,  the  toughness  of  welded  joints 
usually  becomes  the  mo.st  critical.  An  essential 
prerequisite  in  this  res[:>ect  is  to  select  the 
contents  of  microalloying  elements  within  per¬ 
missible  limits  while  considering  the  strength 
and  toughness  of  the  base  metal. 

RESULTS  OF  FUNDAMENTAL  RESEARCH  ON 
THE  EFFECTS  OF  MICROALLOYING  ELEMENTS 
ON  THE  NOTCH  TOUGfINESS  OF  WELDED 
JOINTS 

NOTCH  TOUGHNESS  OF  WELD  HEAT-AFFECTED  ZONE 

Many  studies  have  been  published  on  improve¬ 
ment  in  the  notch  toughness  of  ttie  weld  heal- 
affocted  zone.  The  basic  idea  to  get  the  refined 
microstructures  for  better  HAZ  toughness  has 
two  aspects.  The  first  is  to  retard  the  auste¬ 
nite  grain  growth  before  transformation  by  micro¬ 
alloying.  The  second  is  to  utilize  the  ferrite 
nucleation  site  within  the  austenite  grain  and 
get  the  fine  IFF  structure.s.  The  result.-  of 
research  on  titanium  nitride  (Ti-N)  steel,  as 
an  example  of  the  first,  and  titanium-boron 
(Ti-B)  .steel  and  titanium  oxide  (l’i-0)  steel, 
a.s  examples  of  the  seci.'nd  are  described  below. 

In  case  of  Ti-N  sl.ool  ,  the  effect  of  the  .second 
|)hase  on  the  HAZ  toughness  i.s  focused. 

Ti-fi  .Cieol 

Kan-jzawa  et  a  L  .  ' )  clarified  that  the 
I'ormat.ifin  of  upper’  ha  i  n  i  te  ,  exlitlrited  Zw  in 
Fig.  1,  br’ougiit  from  coar.se-gra  i  tied  austenite 
i.s  ro.spotis  i  li  I  e  for  the  embrittlement  of  high- 
lieal.  input  welded  joint.-.,  .such  a.s  one-side 
s  ingl  e-pas.s  sulmierged  arc  wedded  jolni.s,  tliat 


are  used  in  shipbuilding,  among  other  ap[>lica- 
Lions.  They  succeeded  in  improving  the  notch 
toughness  of  such  vrejd.s  by  preventing  the  gr-ain 
coarsening  of  austenite  and  pr’omoting  the  trans¬ 
formation  of  au.stenito  to  finer  ferrite.  Fig. 

1  shows  tho.-c  offect.s  of  Ti  addition.  .Since 
then,  it  has  become  general  practice  to  add 
titanium  for  improving  the  notch  toughnes.s  of 
the  HAZ.  Mul tiole-Dass  welds  in  offshore 
.structures  have  a  complicated  microstructures 
compared  to  those  of  single-pass  weld.s.  The 
micr<.scopic  local  brcittle  zone'^8'  of  the  HAZ 
exerts  a  particularly  large  effect  on  the  CTOD 
of  welded  joints,  and  some  steps  must  be  taken 
against  the  adverse  effect  of  the  LBZ.  System- 
•atic  inve.-tigation.s  clari/'ied  the  effects  of 
microal  toy  ing  olemer's  on  the  LBZ ^ . 

Tlie  microstructures  and  thermal  histories 
of  HAZ  portions  in  a  welded  joint  are  schemati¬ 
cally  illustrated  in  Fig.  Z.  The  grain-coarsen¬ 
ed  zones  A  to  D  formed  af  ter  lieating  by  bead  1 
to  high  lemper-atures  are  reheated  by  bead  ?  and 
change  into  various  microstructure.s.  As  can  he 
.seen  from  the  thermal  hi.story  curves,  zone  l> 
is  closest  to  be.'id  ?  and  thus  i.s  reheated  to  the 
highest  t/amperature  and  is  not  altered  into 
the  grain-refined  .structure.  Zones  C,  B  and  A 
decrease  in  reheating  temperature  in  proportion 
to  the  distance  from  the  fusion  line  and 
micros t. rue tures  change  into  a  grain-r'efined 
ferrite  struclure,  a  .second  phase  containing 
gra in-coar.sened  structure  and  tempered  grain- 
coar.sr-ned  .structure,  resi'er, ti vely ,  depending 
on  the  rehe-ating  temp'^rature  involved.  This  way 
the  HAZ  of  the  welde.J  joint,  varies  in  microstruc 
turn  .and  hence  in  notrdi  toughness  from  position 
to  position.  I'he  experiments  using  a  thermal 
cycle  simul.aVor  .showed  that  the  particular-  zone 
wtiGi'e  the  tem()erature  rose  to  the  two  phase 
region,  Ac;  to  Ac  j ,  liocame  very  brittle.  Fig.  .1 
-how.s  that  when  the  ['oak  t.c'mpera l.ure  of  t.ho 
.second  cycle  (  Ipp )  is  8I1(1  r,  the  CTUD  value  is 
the  lowest..  ibis  portion  corresponds  to  the 
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second  phase  containing  grain-corsened  zone 
(B)  in  Fig.  222). 


Milx  (K'iifiiif;  (cmix-fafUfc  ('(') 

Fig.  1.  Change  of  micfostruc tune  and  vTrs  with 
max.  lieating  temperature  «ya'^>nf>d  hy 
thermal  cycle  .simulator,  ^7) 
chemical  composition,  wl% 

steel  C  Si  Mn  sol.Al  Ti 

2  O.n  0.19  1.31  0.006  -  ~ 

5  0.13  0.19  1.32  0.007  0.019 


The  precise  study  by  scanning  electron 
inicro.scopy ,  tran.smission  electron  microscopy, 


A:  sul'c ri  t  ica  1  1  y  reheated  grain-coarsened  zone 

B:  in  terr  r  i  ti  ca  1 1  y  relieated  grain-coarsened  zone 

C:  supercri tical 1 y  reheated  grain-coarsened  zone 

1':  grain-coarsened  zone 

Fig. 2.  .Ocliematic  illustration  of  the  heat-affected 
zone  of  a  multi-pass  welding. 


UTton  8(i{)  laxi 

T|.,  (C) 


Fig.  3.  PistrihuLion  of  CTOD  value  of  HAZ 

along  the  fusion  line:  simulated  HAZ, 
double  thermal  cycle  (Tpl  =  lA00X, 

dt8/5=20.sec.22) 
chemical  compo.si  tion  ,  wt% 

steel  C  Si  Mn  Cu  Mi  Nb  A1  Ti 

H  0.11  0.37  1.50  0.22  0.21  0.0270.027  0.006 

D  0.18  0.35  1. '<6  - _ -  0.^32  0.007_ 

When  the  portion  near  the  crack  origin  and 
right  beneath  the  fracture  surface  in  the  frac¬ 
tured  CTOn  tost  specimen  was  examined,  as  shown 
in  Photo.  1,  the  crack  initiated  at  the  interface 
between  the  matrix  and  the  second  phase,  high 
carbon  martensite. 


Photo.  1.  SEM  micrograph  of  microcrack  formed  at 
the  interface  between  high  carbon 
martensite  (M*)  and  ferrite  matrix. 

steel  :  0 . I l%C-0. 37%Si-l .50%Mn-0 . 22%Cu- 
0.21%Ni-0.027%Nb 

When  the  por'Lion  near  the  crack  origin  in 
the  fracture  surface  was  observed,  a  massive 
second  phase  wa.s  found  at  the  center  and  a 
cleavage  crack  was  seen  running  from  the  vicinity 
of  the  second  phase,  as  shown  in  Photo.  2.  Thus 
it  is  concluded  that  M*  plays  a  major  role  on 
the  notch  toughness  in  the  second  phase  contain¬ 
ing  grain-coarsened  zone. 
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particles  first  transform  to  austenite  selective¬ 
ly  and  form  M*  on  cooling.  Since  carbonitride 
formers  are  concentrated  in  these  portions,  they 
increase  the  hardenability  of  the  local  portions 
and  facilitate  the  formation  of  M*,  thereby 
exerting  a  particularly  strong  effect  on  the 
deterioration  of  <5  ^  •  Therefore,  the  microalloy¬ 
ing  elements,  most  of  which  are  carbonitride 
former,  should  be  added  in  as  small  amounts  as 
possible.  A  good  example  of  microalloying  use 
by  small  amount  is  the  only  0.01%  Nb  containing 
steel * . 


Photo.  2.  SEM  micrographs  of  second  phase  at  crack 
initiation  site. 

steel:  0.1A%C-0.36%Si-l.A7%Mn-0.21%Cu- 

0.19%Ni-0.026%Nb-0.0A%V-0.033%Al-0.007% 

Ti 

The  maximum  size  of  high  carbon  martensite 
has  a  good  relation  with  the  critical  fructure 
stress  as  shown  in  Fig.  A. 

^  2400 

r‘  2000 

£ 

^  1600 
u 

0  1200 

s 

J  800 

CJ 

P  400 


0  400  800  1200 

(MAXIMUM  SIZE  OF  HIGH  CARBON  MARTEiJSITE) 

Fig.  A.  Relationship  between  maximum  size  of 
high  carbon  martensite  and  critical 
fracture  stress. 

s tee  1 ;  0 . l0%C-0 . 22%Si- i . 53%Mn-0 . 28%Mo- 
0.03%Ai- 0.01%Ti-0.003%N 

The  maximum  size  of  M*  is  correlated  to 
the  amount  of  M*^^ ) .  Decreasing  the  amount  of 
M*  is  thus  effective  in  improving  the  LBZ  in  the 
HAZ  of  the  Ti-N  steel.  In  reality,  a  good 
correlation  was  established  between  the  amount 
of  M*  and  the  value  of  critical  CTOD  (<)'c)  for 
initiation  of  failure^^).  The  effects  of  micro¬ 
alloying  elements  on  the  embrittlement  of  MSLA 
steel  by  M*  were  investigated  by  the  simulated 
HAZ  CTOD  test.  The  results  was  summarized  in 
Fig.  5  by  a  parameter  r^.  The  larger  the  value 
of  r^,  the  smaller  the  value  of  o'c  is.  As 
evident  from  Fig.  5,  the  alloying  elements  can 
be  classified  into  four  groups  according  to  the 
intensity  of  their  effect  on  the  deterioration 
of  i'iq.  That  is,  the  alloying  elements  are  order¬ 
ed  as  follows:  N,  B  Cr,  Mo,  Nb,  V  C,  Si  Mn, 
Cu,  Ni.  Carbonitride  formers,  such  as  Cr,  Mo, 

Nb  and  V  exert  a  strong  effect  on  the  deteriora¬ 
tion  of  rt'e. 

When  the  HSLA  steel  is  intercritically 
re-heated,  portions  containing  many  carbide 


i;  I.  FM  I  IN'I' 

Fig.  5.  CTOD  deterioration  factors  for  alloying 

elements:  simulated  HAZ  (double  and  triple 

thermal  cycles). 22) 

chemical  composition,  wt% 

.  A  SI  Mil  Cu  Nl  Cr  Ho  '  Nb”  '  V  «i  n"  ~b' 

base  O.IO  0.25  1.50  -  -  -  -  -  -  0.03  6.003  - 

,„1  O.oa  0.10  1.00  0.00  O.OO  O.OO  O.OO  O.OO  O.OO  0.002  0.000 

*  0.  Ill  0.1.0  1  .00  0. bo  0.60  0.60  0. 30  0. O'!  0.06  ”  0.008  0.002 


Ti-B  steel 

Titanium-boron  (Ti-B)  steel  was  developed 
especially  for  welding  with  high  heat  input2^i2b). 
Photo.  3  shows  the  microstructure  of  the  HAZ  of 
the  Ti-B  steel,  simulated  with  a  heat  input  of 
130kJ/cm  on  a  weld  thermal  cycle  simulator. 

The  microstructure  is  characterized  by  the 
formation  of  IFP. 

When  the  IFP  transformation  nuclei  were 
examined,  they  were  found  to  be  TiN-MnS-Fe23 (CB )g 
complex  precipitates,  as  shown  in  Photo.  A. 

The  precipitation  temperature  of  the  pre¬ 
cipitates  in  the  Ti-B  steel  is  shown  in  Fig.  6. 

The  precipitacion  of  Fe23(CB)5  as  nuclei  for  the 
formation  of  JFP  is  shown  to  proceed  in  the 
vicinity  of  650  C.  The  dissolved  boron  is  thought 
to  be  effective  in  retarding  the  growth  of  ferrite 
formed  at  the  austenite  grain  boundaries.  The 
notch  toughness  of  the  HAZ  in  high-heat  input 
welded  joints  of  the  Ti-B  steel  is  higher  than 
that  of  the  conventional  steel  for  these  reasons. 
The  Charpy  impact  test  results  of  weld  thermal 
cycle  simulated  test  specimens  of  the  Ti-B  steel 
are  compared  with  those  of  the  conventional  Ti-N 
steel  in  Fig.  7.  The  notch  toughness  of  the 
Ti-B  steel  is  significantly  improved. 
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Photo.  3.  Micros  true  Lure  of  .simulated  liAZ  with 
equivalent  heat  input  o"  130  k.l/cm. 
chemical  composition,  wt% 

steel  C_  _Si  Mn__  A1  Ti  B  N  _ 

devefoped  0’08’0^26  i'.38 '0.085  0.007  0.0011  O.noPl 
9.-.09_0. 27  1.35  0.031  -  -  0.0072 


riioto.  A  .  TiN-MnS-Te^^  (CB )  compl  ex  precipi  tate.2A  ) 

s  tee  1 :  0 . 08%C-0 . 26%.S  i  - 1 . 38%Mn  -0 . 055%fl  I  - 
0 . 007%Ti  -0 . 001 l%B-0 . 00? 1%N 


t ^ ^ - 1 - 1 _ I _ U 

n  50  imi  ir,n  m  itoo  aoo 


III,-  fr™,!  Rtlf  III  f<nC  (  '"C  ) 

Fig.  7.  Qiarpy  impart  test  results  of  weld  thermal 
eyrie  simulated  lIAZ  .spec  imen.s ^ 
steels:  same  a.s  shown  in  Photo.  3 


Ti-0  Steel 

The  titanium  oxide  (I'i-O)  steel  is  similar 
1.0  the  Ti-B  steel  in  that  a  fine  Ferrite  micro- 
structure  is  produced  from  the  Formation  of  IFF 
within  austenite  grains.  It  is  also  character¬ 
istic  in  that  titanium  oxide  is  utilized  as 
transformation  nuclei  and  that  aluminum  is  made 
substantially  free  to  reduce  the  amount  of 
aluminum  oxide  and  increase  the  amount  of 
titanium  oxide26,27).  As  IFF  increases  in  volume, 
the  better  toughness  i.s  obtained,  as  shown 
in  rig.  8.  An  X-ray  diffraction  analysis  of 
IFF  nuclei  in  the  Ti-0  steel  is  shown  in  Photo. 

5.  'I’i203  is  recognized.  It  is  2  to  3  iim  in 
size  and  is  ol't.en  identified  as  a  complex 
precipitate  cont-aining  Mn,?  and  AlpOj  or  tlnO 
when  examined  in  deta'l. 


l  ig.  8.  He  lal  Lonsh  i  [I  between  volume  fraction  of 
IFF  and  Charpy  V-notch  transition 
temperature  in  simulated  ilA7..26) 
steel:  n.08%C-)  .  5%Mn-0 . 013%Nh-0 .00.3%A1- 
0.012%Ti -0.0023%H 


Fig.  6.  Free  i  pi  t.a  t  i  on  temi'era  t.ure  of  reT,(CB)r 
BN  and  Mns.?'*)  ’ 

.steel:  same  as  shown  in  Photo.  A 


Photo.  5.  IFP  initiated  from  titanium  oxide 

particles  in  specimen  quenched  from 
600  °C  during  cooling  in  simulated  weld 
thermal  cycle  test. 

The  continuous  cooling  transformation 
curves  of  the  Ti-0  steel  are  given  in  Fig. 

9.  The  temperature  range  over  which  IFP 
is  formed  is  considerably  wide  and  the  rate 
of  cooling  from  800  to  500 'C  is  0.3  to  SO'C/s, 
a  range  that  corresponds  to  welding  with  high 
heat  input. 


T  I  ) 

Fig.  9.  Continuous  cooling  transformation  diagram 
of  Ti-0  steel . 27 ) 

s tee  1 :  0 . 08%C-0 . 20%Si-l . 39%Mn-0 . 002%A1- 
0.012%Ti -0.0015%N 

In  exploiting  the  effectiveness  of  the 
Ti503,  A1  content  must  be  decreased  to  a  small  , 
as  shown  in  Fig.  lo. 


Fig.  10.  F.ffect  of  A1  content  on  the  precentage 
of  TijO^  in  all  oxides. 26) 


Since  IFP  nucleates  from  11203,  an  oxide 
of  high  melting  point,  the  Ti-0  steel  gives 
superior  notch  toughness  at  the  higher  peak 
temperature  compared  to  Ti-N  steel  as  shown 
in  Fig.  11.  In  addition,  the  M*  should  be 
avoided  even  in  Ti-B  and  Ti-0  steels. 


(  ik  trii.al  riMiipisi  I  ion 

Sl.fl  ('  Si  Ml,  r  S  Af  Ti  N 
ilO  OOR  0  20  1.4  0  01  0  001  0  002  0  012  0  0020 
I'iN  OOR  0.20  1,4  0  01  0.001  0  020  0  018  0.0050 

Fig.  11.  Change  in  Charpy  V-notch  transition 

temperature  of  simulated  HAZ  with  peak 
temperature  .26 ) 

Summary  '^r  Thi.s  Section 

The  findings  obtained  are  summarized  as 
follows : 

(a)  The  addition  of  titanium,  which  refines 
the  austenite  grain  size,  is  effective  in 
improving  the  notch  toughness  of  the  HAZ. 

(b)  The  formation  of  IFP  in  coarsened  austenite 
grains  refines  the  transformed  grain  size  and 
improves  the  notch  toughness  of  the  HAZ.  Among 
the  particles  that  nucleate  IFP  are  ^^2^3  in 
the  Tl-0  steel  and  TiN-MnS-FepqCCBlc  in  the 
Ti-B  steel. 

(c )  The  amount  of  11*  in  the  second  phase  contain¬ 
ing  grain  coarsened  zone  i.s  one  of  the  largest 
factors  that  decrease  the  notch  toughness  of 

the  HAZ.  .Since  the  amount  of  M*  tends  to  in¬ 
crease  with  increasing  additions  of  carbonitride 
former.s,  the  adoitions  of  niobium  and  other 
carbonitride  formers  should  be  preferably 
minimized , 

NOTCH  TOUGHNESS  OF  WELD  METAL 

The  notch  toughness  of  ferritic  weld  metal 
greatly  depends  on  the  microstructure  produced. 

To  obtain  a  weld  metal  microstructure  conducive 
to  high  notch  toughness,  it  is  necessary  to 
select  appropriate  welding  materials  by  consider¬ 
ing  welding  processes,  welding  conditions, 
chemical  composition  and  other  factors  involved. 

Figure  12  shows  the  relationship  between 
the  manganese  content  of  weld  metal  and  the 
vTrs  of  welded  joints.  The  structures  obtained 
are  also  exhibited  in  the  figure28).  As  the 
manganese  content  of  weld  metal  increases,  the 
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micros  true ture  of  weld  metal  changes  from  a 
mixture  of  grain  boundary  ferrite  and  acicular 
ferrite  to  acicular  ferrite  alone  and  then  to 
a  mixture  of  acicular  ferrite  and  upper  bainite 
and  finally  becomes  an  upper  bainite.  The  notch 
toughness  of  the  weld  metal  is  highest  in  the 
manganese  content  range  where  prior  austenite 
grains  transform  to  acicular  ferrite  and  the 
amount  of  grain  ooundary  ferrite  at  the  prior 
austenite  grain  boundaries  is  reduced.  It  is 
important  to  secure  appropriate  hardenability 
and  obtain  a  desirable  acicular  ferrite  structure 
at  these  cooling  rates.  When  welds  are  made 
with  high  heat  input,  therefore,  weld  metal 
of  higher  hardenability  is  required.  The  dilu¬ 
tion  of  weld  metal  by  base  metal  must  also  be 
taken  into  account.  The  percentage  of  dilution 
is  about  50%  in  submerged  arc  welded  joints. 

If  the  base  plate  has  a  low  manganese  content, 
welds  must  be  made  by  using  an  electrode  wire 
of  high  manganese  content  to  secure  the  desired 
hardenability  of  the  weld  metal  deposited. 

Appropriate  hai'denabili  ty  is  not  enough 
to  yield  an  acicular  ferrite  microslructurc  and 
acicular  ferrite  requires  nuclei  for  transforma¬ 
tion.  When  titanium  and  boron  are  added  to  the 
welding  material,  the  acicular  ferrite  micro- 
structure  can  be  obtained  over  a  considerably 
wide  range  of  welding  condi tions?9 ) .  xhe  mecha 
nism  of  Ti  and  B  is  same  to  that  of  Ti-B  steel. 

At  present,  Mn-Ti-B  welding  materials  are 
widely  used  for  the  welding  of  offshore  struc¬ 
tures  as  materials  for  making  submerged  arc  and 
shield  metal  arc  welds  with  superior  low-temper¬ 
ature  notch  toughness. 


in  15  2  0  2.5 
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Figure  I  i  .shows  the  effect  of  the  niobium 
and  vanadium  content.s  on  the  notch  toughne.s.s  and 
tensile  strength  of  weld  metal  on  the  conditions 
favorable  to  the  formation  of  acicular  ferrite. 

As  niobium  and  vanadium  contents  Increase,  the 
tensile  strength  increase.s  but  the  notch  tough¬ 
ness  changes  little.  If  dilution  is  taken  into 
account,  the  niobium  and  vanadium  contained  in 
the  base  plate  pose  no  problem.s  to  the  notch 
toughness  of  the  weld  metal. 
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Fig.  13.  Fffect  '.)f  niobium  and  vanadium  contents 

on  fracture  appearance  transition  temper¬ 
ature  and  tensile  strength. 28) 
wold  metal:  0 . U%C-0 . 25%Si-l . 30%Hn- 

0 . 00A%Al-0 . 20%Ti-0 . 0035%B 
Summary  Of  Thi.s  .'ection 

As  discussed  ab')ve  ,  the  following  measures 
are  effective  in  improving  the  tensile  strength 
and  notch  tougliness  of  ferritic  weld  metal: 

(a)  The  base  composition,  particulary  t’  content, 
and  raicroalloying  elements  ai-e  adjusted  to  an 
optimum  level  .so  that  the  microstructure  is 
composed  of  acicular  ferrite. 

(b)  Niobium  and  vanadium  increase  the  tensile 
strengtti  of  weld  metal  with  little  or  no  notch 
toughness  det.erioration  when  added  up  to  a 
cer ta  i  n  leve  1  . 

SU.ICEPTiUll.lTY  TO  WKl.l)  CllACKIMG 

A  general  mode  ol’  fracture  in  structures 
is  such  that  a  fatigue  crack  initiates  from  a 
weld  defect  in  a  welded  joint  and  propagates 
lor  a  Certain  critical  lengtli  before  it  results 
in  a  brittle  fracture.  The  typical  example  is 
the  failure  of  the  Alexander  L.  Kieiland^O). 
Therefore,  weld  cracks  that  initiate  fatigue 
cracks  and  particularly  weld  cracks  wltii  .sharp 
notches  must  be  absolutely  avoided.  Weld  crack¬ 
ing  may  be  cold  cracking  that  arises  from  the 
hardened  microstructure  of  the  HAZ  and  from  the 
presence  of  hydr-ogen;  hot  cracking  or  cracks 
in  the  wold  metal;  or  lamellar  tearing  or  terrace- 
like  crack.s  in  the  ba.se  metal. 

Hot  cracking  1s  inflvienced  by  welding 
materials  to  a  1-arge  r.xtent.  This  problem  can 
be  practically  [irevented  if  over  current  is 
avoided  and  v;oiding  is  not  perfoi’med  at  a  very 
high  .speed. 

(.amellnr  tear'ing  became  a  ser’ious  problem 
with  the  v;elding  of  offshore  structures  and 
many  steps  wore  undertaken  again.st  lamellar 
tearing.  I.amellrar  tearing  mainly  depends  on 
the  nonmeiallic  irif.lusions  and  segregation  present 
in  the  steel  plate^^'.  Processes  are  already 
esLahlished  lor  desulfurizing  the  hot  metal  and 
lor  controlling  the  inclusions  and  segregation 
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in  the  molten  steel32).  Advanced  countries  can 
now  supply  steel  plates  tliat  do  not  develop 
lamellar  tearing  and  lamellar  tearing  is  not  a 
serious  problem  any  longer. 

Whether  oi-  not  cold  weld  cracking  occurs 
depends  on  the  combination  of  steel  plates  and 
welding  proceuures  to  be  used.  If  Uiis  combina¬ 
tion  is  inappropriate,  the  total  cost  of  steel 
and  welding  becomes  too  high  for  the  economy  of 
weldments.  It  is  necessary  to  accurately  evaluate 
the  cold  weld  cracking  susceptibility  of  steel 
plates,  to  clarify  welding  procedures  that  meet 
the  evaluated  susceptibility  and  to  make  a 
comprehensive  judgement  on  the  cost  involved. 

The  cold  weld  cracking  susceptibility  of 
steel  is  evaluated  by  the  carbon  equivalent  and 
the  International  Institute  of  Welding  (IIW) 
carbon  equivalent  formula  is  used  throughout 
the  world33).  This  concept  of  carbon  equivalent 
was  first  proposed  by  Dearden^^). 

Increased  use  of  microalloying  element 
coupled  with  the  decrease  in  the  use  of  carbon, 
triggered  the  formulation  of  the  new  carbon 
equivalent  parameter  Pcm^h  ~  .17  ) . 

Yurioka  et  al.38)  have  proposed  a  new  parame¬ 
ter,  CEN,  that  can  be  used  to  evaluate  the 
weldability  of  both  old  and  new  types  of  steels. 
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CEN  approaches  Ceq  (IIW)  as  the  carbon 
content  increases  and  approaches  Pern  as  the 
carbon  content  decreases.  CEN  was  adopted  by 
Canadian  Standards  Associations  in  1986. 

Decreasing  the  carbon  content  is  pai'llcu- 
larly  effective  in  decreasing  the  cold  weld 
cracking  susceptibility.  If  the  same  level  of 
steel  plate  strength  is  tc  bo  achieved,  the 
carbon  content  should  be  decreased  and  the 
microalloying  elements  sould  be  added  instead 
from  the  standpoint  of  cold  weld  cracking. 

The  microalloying  elements,  however,  should  be 
used  in  such  quantities  that  the  notch  toughness 
of  the  HAZ  is  not  impaired.  The  beneficial  use 
of  microalloying  element  is  clearly  shown  in 
Fig.  lA. 


500 


r  100 


=  .wo 


200 


0,24(  “0.2A>'>i  0,88Mn(  ) 


„0  I0('-0.S8.S|-I  ■46.\br0.15 
t  irO  l7Ni-0040Mr- 
0  040V  tNnrtiiji ) 


0.03('0  25,Sj-202 
Mir0.28rir0  18 
0  043M. 

0.0 1  ISO  lO 


0  19-0  25.0  i- 
0  87Mnl'Mcr 


1  .5  10  .50  100 

(  I  iiri’  I  r<i?i  800  lo  500  (  ,  ((«) 


Fig.  lA .  Effect  of  cooling  time  on  the  HAZ  maximum 
hardne.ss  for  various  type  of  steels. 


Summary  Of  This  Section 

To  summarize,  the  cold  weld  cracking  su.s- 
ceptibility  of  steel  plates  can  be  improved  if 
desired  strength  is  secured  by  decrea.sing  the 
carbon  content  and  adding  microalloying  elements 
to  such  a  degree  that  the  notch  toughness  of 
the  HAZ  is  not  impaired. 

COMBINED  EFFECTS  OF  MICROALLOYING  ELEMENTS 
AND  TMCP  IN  IMPROVING  STRENGTH  AND  NOTCH 
TOUGHNESS  OF  BASE  PLATES 


Many  reports  have  been  published  that 
pre.sent  the  results  of  studies  conducted  to 
improve  the  yield  point  and  notch  toughness  of 
the  base  plate  by  the  grain  refinement  of  niobium- 
or  vanadium-microalloyed ,  aluminum-killed  steel 
through  controlled  rolling.  Research  and  develop¬ 
ment  work  in  this  field  in  Japan  was  mainly 
carried  out  concerning  line  pipe  steel.  These 
efforts  were  then  combined  with  the  development 
of  accelerated  cooling  technology  and  were 
reviewed  and  incorporated  into  the  TMCP  tech¬ 
nology. 

Till. a  chapter  describes  the  methods  of 
improving  the  strength  and  notch  toughness  of 
base  plates  when  microalloyed  plates  steel  for 
offshore  structures  are  manufactured  by  the 
TMCP  technology. 

The  changes  in  the  microstructure  of  steel 
during  reheating,  controlled  rolling  and  ac¬ 
celerated  cooling  are  schematically  illustrated 
in  Fig.  15. 


f  err-  i  I  e 

Fig.  15  microst.-ucture  change  during  plate 
manufac  luring. 


The  simultaneous  achievement  of  toughness 
improvement  and  strength  increase  are  performed 
by  grain  refinement.  Referring  Fig.  15  the 
key  factors  to  produce  fine  grain  are 

a)  restraining  of  austenite  grain  growth  while 
reheating 

b)  retardation  of  rocrystallization 

c)  increase  in  ferrite  nucleation  site 

d)  retardation  of  ferrite  grain  growth 

Ttie  effects  of  microalloying  elements  and 
accelerated  cooling  for  each  factor  are  reviewed. 
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Effects  of  Microalloying 

Since  the  preferred  formation  sites  of 
ferrite  during  transformation  are  austenite 
grain  boundaries,  austenite  before  transforma¬ 
tion  should  be  preferably  fine-grained.  Nitrides 
or  carbonitrides  of  titanium,  niobium  or  aluminum 
are  effective  in  restraining  the  growth  of 
austenite  grains  during  the  slab  reheating39  ,A0) . 
Of  the  nitrides  and  carbonitrides,  titanium 
nitride  has  the  highest  thermal  stability  and 
is  most  effective  to  restrain  the  grain  growth. 
The  experimental  results  of  Kobayashi  et  al .  are 
shown  in  Fig.  16. 


Fig.  16.  Var'iation  of  austenite  grain  size  witii 

temperature  when  steel  is  iieat.ed  for  5  s. 
As  N;  As  normalized  at  9bO^C  for  15  h.^^* 
steel,  wt%:  C;O.OA/O.OY  Si;0.3A/0.37 

Mn;i.73/1.77  Al ;0. 025/0. 0A6 


The  grain  refinement  of  austenite  during 
rolling  is  effected  by  rolling  strain,  delayed 
recrystallization  and  retardation  of  recrystal¬ 
lized  grain  growth^l  "  58 ) .  Niobium,  vanadium, 
titanium  and  molybdenum  are  effective  in  this 
grain  I'efinement  of  austenite. 

In  Fig.  17,  the  effect  of  niobium,  vanadium 
and  molybdenum  on  the  recrystallization  of 
austenite  is  described.  Of  the  three  microalloy¬ 
ing  elements,  niobium  is  most  effective  in  the 
delayed  recrystallization . 

Rolling  in  the  unrecrystall ized  region 
forms  elongated  austenite  and  deformation  bands 
within  austenite  graino57).  since  the  deforma¬ 
tion  bands  effectively  act  as  ferrite  formation 
sites,  a  grain-refined  transformation  microstruc¬ 
ture  is  obtained.  Rolling  in  the  unrecrystal- 
lized  region  is  thus  an  important  element  of  the 
controlled  rolling  technology.  The  addition 
of  niobium  and  vanadium  expands  the  unrecrysta- 
lized  temperature  region  toward  the  high  end  and 
promotes  the  aforementioned  effectiveness  of 
niobium  and  vanadium.  Niobium  is  more  effective 
than  vanadium  in  this  respect.  Fig.  18  shows 
the  effect  of  Nb,  Ti,  V  and  B  on  the  recrystal- 


Fig.  17.  Effect  of  alloying  elements  on  the 
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lization  stop  temperature.  Recrystallization 
and  precipitate  formation  are  thermally  activated 
processes.  Therefore,  as  the  temperature  de¬ 
creases,  the  growth  of  the  grain  and  precipitates 
becomes  slower'.  In  this  respect,  the  decrease 
in  Ar3  is  preferable  to  realize  the  low  temper¬ 
ature  rolling.  Low  temperature  rolling  also 
increases  the  deformation  bands. 


Fig.  18.  Effect  of  alloying  element  on  recrystal¬ 
lization  stop  tempera ture . 58 ) 

steel  :  0 . 03%C-0 . 15%3i-l .  5%i1n-0 . 025%A1 
Nb;  0.05%,  Ti;  0.02%,  V;  0.08%, 

B;  n.001% 

Remarkable  progress  has  been  recognized 
in  the  prediction  of  the  recrystallization 
behavior  of  austenite  in  recent  years.  Figure 
19  shows  the  results  of  calculations  made 
to  determine  the  strain  necessary  for  the  re¬ 
crystallization  of  austenite  in  niobium-micro- 
alloyed  steel  by  incorporating  about  30 
factors59).  phe  calculated  values  closely  agree 
with  the  observed  values. 


15? 


m  m  * 


-  f  \  ^  '(r  w 

t 

I 


700 

0  2  0  4  OB  0  8  1.0 

Fig.  19,  Calculated  critical  conditions  of 
austenite  recrystal lization .59 ) 
sLee 1 :  0 . 07%C-0 . 23%S1-1 . 33%Mn- 

0.o6%Cu-0.7y%Ni-0.037%Al-0.01%Nb 
When  austenite  transforms  to  ferrite  after 
controlled  rolling,  the  smaller  the  grain  size 
of  austenite  before  transformation,  the  finer 
the  microstructure  after  transformation.  In 
this  case,  carbonitrides  are  effective  in  produc¬ 
ing  finer  ferrite  grains.  Tlie  effects  of  niobium 
and  vanadium  on  the  grain  size  of  austenite  and 
ferrite  are  shown  in  Fig.  2o59). 

Fine  precipitates  of  nitride.s  or  carbide 
are  widely  recognized  to  have  a  orominent 
effect  on  .strength  increase^O  ,  61 )  ^ 
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Fig.20.  Relationship  between  austenite  grain  .size 
before  transformation  and  ferrite  grain 
size  after  transformation  and  effeo.t.s  of 
niobium  and  vanadium  add i tions  on  austeni te 
and  ferrite  grain  size. 50) 

Fffects  Ilf  Accelerated  Cooling 

Accelerated  cooling  retards  the  growth  of 
ferrite  and  makes  the  grain  size  of  ferrite 
finer  than  air  coolingb^).  The  effect  of  cooling 
rate  on  ferrite  grain  .size  is  shown  in  Fig.  2i. 

It  is  evident  that  the  I'er’rite  grain  size  de¬ 
creases  with  increasing  cooling  rate. 

The  transformation  behavior  of  ferrite  i.s 
estimated  as  vigorously  as  the  recrystall  izat  ion 
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of  austenite  is.  Transformation  percentage  and 
grain  size  of  ferrite  in  carbon-manganese  steel 
and  niobium-microailoyed  steel  was  found  to  be 
in  good  agreement  with  experimental  data.  The 
calculated  and  observed  volume  fractions  of 
ferrite  are  compared  in  Fig.  2259). 


Fig.  21.  Change  in  hardness,  grain  size  and 
microstructure  with  cooling  rate.52) 
steel :  0 .  i5%C-0 . 17%Si-0 .66%t4n 


l-Lg.p?.  Comparis^.n  cd'  progress  of  tran.sforrnatic'n 
between  exuorimental  data  and  calculated 
I'csul  ts.59) 

steel :  0.  l%C-0 . 207.31-1 .47ot4n 

Accelerated  cool  ing  strengthens  ferrite 
and  hence  increa.ses  the  .strength  of  the  steel 
as  .shown  in  Fig.  2l.  in  addition,  a  second 
pha.se  formed  as  a  result  of  accelerated  cooling 
pearlite  or  b.ainite,  is  finely  dispersed  between 
ferrite  grains  to  increase  the  strength  of  the 
steel  without  impairing  the  notch  toughness  of 
the  steel. 

The  aca.eler'aLed  cooling  technology  has 
thus  made  it  possible  to  obtain  the  same  level 
of  strength  as  tiiat  of  conventional  controlled 
rolled  steel.s  with  a  lower  value  of  carbon 
etjuivalent  than  in  tlie  conventional  steels, 
(loreover,  toughness  of  accelerated  cooling 
nroces.sed  steels  can  be  improved  tiian  that  of 
conventional  normalized  steels  when  optimised 
conditions  ol'  controlled  rolling  and  accelerated 
coolhig  are  combined.  These  examples  are  shown 
in  i'igs.  2i  and  ,'U .  The  decrease  in  carbon 
equivalent  direfj.ly  improve.s  the  cold  weld 
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cracking  susceptibility.  Accelerated  cooling 
technology  is  also  quite  useful  in  this  respect. 


Ceq  =  C  +  Mn/6  +  (Cr  +  Mo  +  V ) /S  t  (Ni  <  <'u  )/!'■., % 

I'ig.  23  Holationship  between  Oq  ‘iml  ntrength  lor 
I'MCl’  steels  and  norma  I  i -^.ed  steels. 

(pinto  thickness  12  '  bO  mm  ,  111  SO  class) 


n.io  o.)5  o.'io  n.'.s 


Coq  :  C  +  Mn/6  +  (l.'r  +  Mo  +  V ) /5  +  (Ni  r  On)/ IS, 7, 

I'ig. PA  He  I  a  (  i  onsh  i-|>  between  Coq  and  v'lrs  I'or  TUCp 
steels  and  Tioi-inn  I  i  zed  .steels. 

(plate  tliickno.ss  12  SO  mm  ,111  SO  cla.ss) 

Further,  accelerated  cool ing  makes  best 
u.3e  of  microalloying  element  to  increase  the 
strength  of  base  metal  when  steel  plates  are 
u.sed  with  stress-relief  heat  treatment.  Fig.  25 
shows  the  typical  example  of  Ti  and  Nb  addition 
on  the  strength  of  steel  after  stress  relief. 

High  tensile  strength  is  assured  when  acceler'ated 
cooling  stop  temperature  is  below  530  C  in  this 
figure.  The  strength  increase  is  due  to  Nb  and 
Ti  precipitation. 

The  efferi"  of  microalloying  elements  and 
accelerated  cooling  on  the  grain  refinement  of 
base  metal  and  HAZ  are  summarized  in  Fig.  26. 


0  200  AGO  600  AC 

•accelerated  (ooling  .stop  temperature  (  'C) 

I'ig.  25  Fflect  ol  accelerated  cooling  stop 

I em(iera l-ure  on  the  .strengt))  ol'  Nb-'I'i 
coiiLaiiiin/^  .steel  rafter  .stren.-.  relief. 
(.10  mill  in  th  i  c'kne.s.s ,  0.7  mVmin-m^) 

steel :  0 . 10%C-0 . 2A%Si-l .48%Mn-0 . 013% 
Nb-0.02O«Ti-0.041%Al 

Summary  Of  This  Section 

The  effects  of  microalloying  elements  on 
the  strength  and  notch  toughness  of  base  plates 
are  summarized  as  described  below. 

For  grain  refinement  to  improve  toughness 
and  strength, 

(a)  The  addition  of  titanium  is  effective  in 
re.strain i ng  the  growth  of  austenite  grains 
duritig  slab  reheating. 

(b)  'fo  refine  the  ,aij.s terii  te  grain.s  during 
rolling,  the  addition  of  Nb,  V  and  Ti  are  effec¬ 
tive  in  expanding  the  unrecrystallization  temper¬ 
ature  region  of  austenite  and  retarding  the 
growth  of  austenite  grains.  Among  these,  Nb 

has  a  prominent  effect. 

(c)  Decrease  in  Ar3  by  the  addition  of  Nb,  V 
and  Ti  increases  deformation  band.s  and  maintains 
the  effective  size  of  precipitates,  allowing 
rolling  at  the  low  temperature, 

(d)  Accelerated  cooling  after  rolling  refines 
and  strengthens  ferrite  grains. 

DEVKLOl’MKNT.G  IN  rilOCESSINC  OF  HSLA  STEELS 

When  microalloying  elements  are  added  to 
steels,  their  effectiveness  varies  with  steel 
plate  manufacturing  process  conditions,  for 
example,  alloy  types,  addition  methods  and  plate 
manuf'ac taring  cond  i  lions .  Process  techniques 
must  be  thus  developed  to  make  effective  use  of 
microalloying  elements.  In  recent  years,  latest 
processes  for  manufacturing  steel  plates  for 
offshore  structures,  including  the  TMCP,  have 
been  introduced.  Principal  process  techniques 
that  greatly  af  fect  tlie  effectiveness  of  micro¬ 
alloying  elements  are  summarized  in  Table  2, 
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MECHANISMS  OF  EFFECTS 
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EFFECTS  ON  PROPERTIES 
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Fig.  26,  Effects  of  microalloying  elements  and  accelerated  cooling  iACC)on  toughness  improvement 
and  strength  increase. 


Sulfur,  phosphorus,  oxygen  and  nitrogen 
content  control  techniques  are  important  as  they 
are  aimed  at  achieving  the  benefits  of  these 
alloying  elements  in  various  forms.  A  typical 
modern  steel  plate  production  proces.s  is  shown 
in  Fig.  27  together  with  the  aim  contents  of 
these  elements.  The  process  is  a  combination 
of  hot  metal  pretreatment,  LD  converter  steel¬ 
making  and  vacuum  degassing.  The  contents  of 
microalloying  elements  must  be  precisely  con 
trolled  for  both  property  control  and  economy. 
Technology  is  established  whereby  titanium, 
niobium,  vanadium,  calcium  and  other  microalloying 
elements,  which  are  frequently  utilized  in  steel 
plates  for  offshore  structures,  are  added  to  the 
molten  steel  being  vacuum  degassed.  The  contents 
of  these  microalloying  elements  can  be  controlled 
within  narrow  limits  by  this  technology. 

Figure  28  shows  the  layout  and  general  view 
of  typical  accelerated  cooling  control  equipment 
(commonly  called  the  continuous  on-line  control 
.system  and  abbreviated  Cl.C).  The  accelerated 
cooling  system  embodies  the  long-standing  dream 
of  metallurgists  to  control  the  transformed 
microstructure  of  the  steel  plate  by  controlling 
the  rate  of  cooling  after  rolling. 


Table2.Main  proces.s  techniques  to  make  e 
use  of  microalloying  elements. 
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STKl'.l,  I’l.ATliS  KOI!  OFPSHDUK  STUDCTUUKS 
BY  AITLICATION  OB  TMCP  TBCHNOUXIY 

Thp  effects  of  iii  icroalloy  |  ok  elements  on 
file  properties  of  steel,  plates  for  offshore 
structures  and  typical  manufacturing  processes 
have  been  described  in  the  preceding  chapters. 

Of  the  new  processes,  accelerated  cooling  tech¬ 
nology  was  a  major  breakthrough  and  dr-amaticall y 
improved  the  properties  of  this  class  of  steel 
plates.  The  typical  properties  of  steel  plates 
for  offshore  structures  manufactured  by  the 
TMCP  are  shown  below. 

Table  3  lists  the  chemical  compositi  on.s 
of  nine  representative  types  of  plate  steels 
developed  nr  produced  by  the  TMCP.  Steels  A 
to  C  are  microalloyed  with  tit.anium  and  niobium, 
hrjve  a  yield  point  of  355  MPa  and  are  produced 
for  fixed-type  platlT'r-ms  in  the  Nor-th  Sea. 

Steels  D  and  li  are  microalloyed  with  titanium 
and  boron,  have  a  yield  point  of  355  MI'a ,  are 


intended  for  welding  with  high  heat  input  and  are 
produced  for  arctic  semisubmersible  drilling 
rigs.  .Steel. s  P  and  (j  are  ti  tanium-microall  oyed  , 
355  MPa  yield  [)iiint  grades  developed  for  Charpy 
impact  test  temperatures  of  -60  C  and  -75  C, 
respectively.  Steel  H  is  a  A20-MPa  yield  point 
grade  produced  by  the  use  of  titanium  oxide  to 
improve  the  notch  toughness  of  the  HAZ.  Steel 
1  is  a  titanium  and  niobium-microal loyed ,  A50-MPa 
yield  point  grade  developed  by  large  additions 
of  nickel  and  copper  to  increase  tensile  strength 
and  notch  toughness.  The  main  mechanical  proper¬ 
ties  of  base  metal  and  welded  joints  of  these 
plates  are  given  in  Tables  A  and  5.  The  combina¬ 
tion  of  the  niCP  and  microalloying  technologies 
provide  steeL  plates  with  a  low  carbon  content 
and  helps  to  meet  the  strength  and  toughness 
requirements  of  ba.se  inetai  and  welded  joints. 

The  HAZ  CT'i.lI)  values  of  steeis  A,  B,  C  and  II  are 
.shown  in  Pig.s.  29  and  30.  Satisfactory  results 
are  obtained. 
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Table  ^  Mechanical  properties  of  the  developed  steels 
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Table  5.  Mechanical  properties  of  the  developed  steeis. 
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Fig.  29.  Test  results  of  steels  for  offshore 

structures  with  yield  point  of  355-MPa 
class  ■  ^3 ) 

chemical  composition,  wt% 

_tliicknes3  _C_  .J^i  Mn  Cu  Ni  Nb  fi _ Ai  _ 

38  6.08’o’26  i.A2  -  -  "  6.007  OTO^O 

Ag  0.09  0.17  1.A3  0.25  0.27  0.007  0.007  0.025 

loo  0.08  0.21  1.A7  0.2A  0.90  0.009  0.006  0.031 


I  l<  fi<  (  K.T / rrn  ) 

Fig.  30.  Critical  CTOD  values  for  various  heat 
levels  of  welding. 
chemical  composition,  wt% 

steel  "  C  Si  '  Mn  Cu  Ni  ~llb  Al  TI 
Ti^  0.082  0'.'l7’l.59  0.22  0.2A  0.013  0.003  O.OIA 
Ti-N  0.085  0.23  1.52  0.25  0-26  0.012  0.027  0.011 

As  discussed  above,  the  TMCP  technology 
and  auxiliary  techniques  have  helped  Nippon 
Steel  Corporation  to  develop  and  produce  355-MPa 
and  A50-MPa  yield  point  steel  plates  for  offshore 
structures  as  shown  in  Fig.  31. 

Plate  steels  with  higher  strength  and  lower 
temperature  service  are  under  development  to 
meet  future  requirements. 
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Fig.  31-  Example  of  .series  of  steel  plates  used  for  offshore  structure 

specified  notch  toughness  of  HAZ.  (welding  heat  input  75  KJ/cm) 
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FUTURE  DEVELOPMENTS 

The  use  of  rnicroalloying  elements  in  coordi¬ 
nation  with  plate  manufacturing  processes  will 
be  an  important  point  in  developing  new  steel 
plates  for  HSLA  steels  that  are  expected  to 
operate  in  environments  of  ever  increasing 
severity.  Subjects  of  future  research  and 
development  in  this  respect  are  as  follows; 

(a)  Better  understanding  of  microalloying 
elements  on  formation  of  high  carbon  martensite 
in  HAZ 

(b)  Promotion  of  development  of  steel  plate 
that  contains  IFP,  formed  from  oxide  nuclei, 
in  HAZ 

(c)  Promotion  of  research  on  effective  utiliza¬ 
tion  of  microalloying  elements  In  TMCP  tech¬ 
nology,  rolling  and  cooling  steps  in  particular 

(d)  Development  of  higher  strength  steel  for 
lower  temperature  service  through  application  of 
combination  of  TMCP  and  microalloying 

(e)  Development  of  steel  for  welding  with  high 
heat  input  and  with  high  HAZ  notch  toughness 
through  application  of  combination  of  TMCP  and 
microalloying 

(f)  Development  of  sophisticated  metallurgy 

to  predict  an  optimum  design  of  chemical  composi¬ 
tion  and  production  process  for  required  proper¬ 
ties. 

CONCLUSIONS 

The  manufacturing  technology  and  proper¬ 
ties  of  steel  plates  for  arctic  offshore  struc¬ 
tures  have  been  overviewed  with  attention  mainly 
focused  on  the  microalloying  elements  and  TMCP 
technology.  The  TMCP  technology  is  extremely 
effective  in  securing  the  desired  strength  and 
toughness  of  base  metal  and  welded  joints,  and 
titanium  and  niobium  are  added  as  principal 
microalloying  elements  to  improve  the  strength 
and  toughness  of  base  metal  and  welded  joints. 
These  benefits  are  accomplished  by  various 
steelmaking  process  techniques. 

To  develop  steel  plates  for  offshore  struc¬ 
tures  to  be  built  for  service  in  punishing  sub¬ 
arctic  and  arctic  seas,  it  will  be  necessary  to 
utilize  the  combination  of  TMCP  and  microalloy¬ 
ing  for  achieving  higher  strength  and  better 
tougiiness  and  to  develop  economical  processes 
for  manufacturing  such  steel  plates. 
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INTRODOCTIOM 

The  use  of  offshore  structures  for  the  recovery 
of  hydrocarbons  can  be  traced  back  for  at  least 
40  years  and  certainly  prior  to  the  first  Intro¬ 
duction  of  mlcroalloyed  steel.  The  demands  on 
the  weldability  of  steel  Imposed  by  the  early 
offshore  developments,  which  were  In  locations 
of  relatively  easy  climate,  for  example  the  Gulf 
of  Mexico  and  the  Middle  Rast,  were  very  small. 
However,  when  offshore  hydrocarbon  production 
extended  to  the  higher  latitudes  of  the  North 
Sea,  with  Its  Inclement  climate,  the  demands  on 
the  weldability  of  the  steel  Increased  signifi¬ 
cantly.  Indeed,  in  the  last  20  years  or  so  of 
successful  production  of  oil  and  gas  from  the 
North  Sea,  and  more  recently  other  hostile  areas 
such  as  the  Arctic  ocean,  the  development  of 
steel  for  construction  of  offshore  structures 
particularly  of  the  fixed  type  has  become 
Increasingly  weldabllity-led.  During  this  time 
span  the  aspects  of  weldability  receiving  the 
attention  of  steel  producers,  designers, 
fabricators  and  users,  have  shown  notable 
changes  In  emphasis.  The  paper  will  consider 
these  changes  together  with  the  current  state  of 
weldability  of  steels  for  offshore  structures 
and  finally  will  examine  future  needs.  The 
principal  aspects  of  weldability  In  relation  to 
fixed  offshore  structures  which  have  been,  and 
need  to  be  addressed  are  lamellar  tearing, 
hydrogen  cracking,  heat  affected  zone  (HAZ)  and 
weld  metal  toughness  and  HAZ  hardening  behav¬ 
iour.  Other  aspects  of  weldabllty  such  as  HAZ 
liquation  cracking,  or  solidification  cracking 
will  not  be  considered  since  they  have  not  been 
significant  problems.  Moreover  the  topic  of 
local  HAZ  corrosion,  not  commonly  referred  to  as 
weldability,  will  also  not  be  covered  as  general 
[  experience  Is  not  indicative  of  a  problem 

provided  cathodic  protection  systems  are 
operative.  Before  discussing  the  principal  items 
of  weldability  mentioned,  brief  attention  to 
change  In  steel  compositions  Is  necessary. 


TRENDS  IN  OFFSHORE  STEEL  COMPOSITION 
AND  MANUFACTURE 

In  considering  the  weldability  of  steels  for 
offshore  structures  and  the  changes  that  have 
occurred.  It  is  essential  to  note  the  trends  In 
steel  composition  and  production  methods  that 
have  also  taken  place  since  the  link  between 
weldability  and  composition  in  particular  is 
very  strong.  While  the  trends  in  composition 
will  also  need  to  be  assessed  in  relation  to 
each  weldability  topic,  general  trends  can  be 
outlined  here. 


Fig  1:  Trends  In  Impurity  elements  In 
mlcroalloyed  C:Mn  steels  (a)  after  Kirkwood 
(62),  (b)  after  Fitzgerald  (63). 
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The  early  offshore  steels  were  no  different 
to  structural  steels  of  those  times,  ie  they 
were  generally  semi  killed  C:Mn  materials  with, 
by  today's  standards,  high  levels  of  carbon  ('- 
0.20Z)  and  impurities,  particularly  sulphur,  say 
0.03%  as  a  typical  value.  Through  the  years 
since  early  offshore  developments  took  place  we 
can  see  carbon  and  carbon  equivalent  (CE) 
(unless  otherwise  specifically  mentioned  the 
most  widely  used  IIW  formula  is  referred  to  le 

,  Mn  Cr  +  Mo  +  V  ,  Ni_+_Cu  , 

Ch,  -  L  +  --  +•  -  -  ) 

levels  have  fallen  dramatically.  A  significant 
step  in  this  direction  was  taken  in  the  early 
days  of  microalloying  by  the  use  of  Nb  additions 
in  normalised  steels,  although  microalloying 
additions  were  often  initially  viewed  as  a  means 
of  obtaining  Increased  product  strength  without 
raising  steel  carhon  content.  Additions  of  typi¬ 
cally  0.03  to  n.06%Nb  became  a  common  ingredient 
in  normalised  steels  of  around  the  350  M/mm^ 
yield  strength  level  so  typical  for  fixed  off¬ 
shore  platform  construction.  The  use  of  such  Nb 
additions  allowed  small  reductions  in  carbon  and 
CE  to  take  place  helping  steel  producers  to  meet 
ever  increasingly  stringent  maximum  CE  levels  in 
steel  specifications.  Recent  years  have  seen  the 
introduction  of  continuous  casting,  which  has 
brought  another  variable  into  the  weldability 
arena,  and  the  increasing  use  of  accelerated 
cooling,  which  has  allowed  yet  further  re¬ 
ductions  in  plate  carbon  and  CE  levels  while 
maintaining  or  Improving  mechanical  properties. 
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0.10%  for  normalised  steels,  and  lower  for 
controlled  rolled  and  accelerated  cooled 
material . 

2.  Reductions  in  impurity  elements  particularly 
sulphur,  phosphorus  and  nitrogen,  see  Fig  1,  and 
oxygen  levels. 

3.  Steady  reduction  in  Nb  levels.  Fig  2  indi¬ 
cates  the  trend  in  earlier  years  while  since 
1980  maximum  levels  have  further  fallen  as 
specifications  calling  for  0.025%(1)  and  even 
0.020%(2)  have  been  increasingly  appearing. 

4.  Additions  of  Ni  and  Cu  typically  at  approxi¬ 
mately  0.2%  each  although  some  producers  replace 
the  Cu  with  Ni. 

5.  T1  treatment. 

6.  Ca  treatment. 


7.  Reduction  in  CE  level  largely  through  the 
reduction  of  carbon  content.  Figure  3  gives  some 
Indication  of  the  trend  and  to  some  extent  this 
is  continuing,  particularly  of  course,  through 
the  use  of  accelerated  cooling. 


Fig  3:  Changes  in  carbon  equivalent  level  in 
production  of  C :Mn : Si : Nb: A1  steels  (after 
Kirkwood  (62)). 


Nb.X 

Fig  2:  Changes  in  niobium  level  in  the 

production  of  C:Mn:Sl :Nb:Al  steels  (after 
Kirkwood  (62 ) ) . 

There  have  been  many  changes  in  the 
compositions  of  offshore  steels  during  the  last 
20  years  and  these  have  been  predominantly  in 
relation  to  steadily  Increasing  property 
requirements,  particularly  weldability 

development.  There  has  been  and  still  is  a 
continuous  evolution  of  these  steels,  but  the 
principal  compositional  trenns  and  cnanges  can 
be  identified  as: 

1.  A  reduction  in  carbon  content  to  typically 


A  feature  of  steel  processing  which  has 
changed  very  remarkably  during  the  past  20  years 
is  the  wide  spread  introduction  and  use  of 
continuous  casting.  The  relevance  of  this  change 
to  a  consideration  of  steel  composition  is  the 
marked  Influence  on  variations  in  composition 
through  a  plate  thickness  arising  from  the 
generic  problem  of  centreline  segregation.  The 
local  Increases  in  C,  Mn,  Nb  and  phosphorus  in 
particular  can  be  quite  marked  conferring 
different  and  generally  deteriorated  weldability 
on  local  regions  of  steel  plate  (3). 
Developments  in  continuous  casting  techniques 
have  provided  a  significant  improvement  in 
respect  of  this  aspect  but  while  the  dark 
etching  feature  so  typical  of  the  continuous 
cast  plates  in  the  70s  and  early  80s  (Fig  4)  is 
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less  obvious  today,  the  problem  can  still  be  a 
cause  of  deterioration  In  weldability. 


Fig  4:  Appearance  of  dark  etching  centre  line 
segregation. 


LAMELLAR  TEARING 

During  the  196ns  and  early  1970s  lamellar 
tearing  was  a  major  problem  for  structural  steel 
fabricators,  occurring  In  those  joints  experi¬ 
encing  the  through-thickness  strain  that  puts 
then  at  risk.  For  the  offshore  industry  with  its 
high  level  of  ultrasonic  Inspection,  lamellar 
tearing  was  occasionally  a  devastating  problem 
because  of  a  severe  Impact  on  construction  times 
which  were  necessarily  particularly  constrained 
by  the  need  to  meet  completion  for  launch  during 
suitable  weather  windows.  Extensive  research  in 
the  late  60s  and  early  70s  demonstrated  the  dis¬ 
astrous  effect  that  type  II  MnS  inclusions  had 
on  through-thickness  ductility  (4).  The  develop¬ 
ment  of  lamellar  tearing  resistant  plate  that 
followed  largely  depended  upon  the  obvious 
benefit  of  reduced  sulphur  levels.  Since  another 
oil  Industry  cracking  problem,  that  of  hydrogen 
Induced,  pressure,  stepwise  or  blister  cracking 
was  also  becoming  endemic  In  wet/sour  environ¬ 
ments  at  the  same  time,  and  was  also  found  to  be 
improved  by  a  reduction  In  sulphur  levels,  the 
Incentive  for  the  steel  Industry  to  Introduce 
clean  steel  was  very  considerable.  Gradually  the 
steel  industry  responded,  and  of  course  today's 
steel  of  the  necessary  extra  low  sulphur  level, 
of  about  0.00571  and  below  to  provide  resistance 


to  the  problem  of  lamellar  tearing,  even  In 
highly  restrained  joints,  is  now  widely  avail¬ 
able.  To  all  Intents  and  purposes  lamellar 
tearing  Is  now  only  an  historical  problem  and  no 
longer  appears  as  an  Item  on  a  modern  list  of 
weldability  aspects  of  concern  In  steel  for  off¬ 
shore  structures. 

However,  while  a  low  sulphur  level  undoubt¬ 
edly  brings  with  it  many  other  advantages  for 
the  properties  of  steel  and  welded  joints,  it 
seems  as  if  the  presence  of  sulphides  may  also 
sometimes  have  beneficial  roles  to  play  (5)  and 
their  reduction  has  not  always  been  viewed  as 
universally  beneficial  in  respect  of  weldabil¬ 
ity.  One  aspect  of  weldability  where  an  adverse 
affect  from  cleaner  steels  is  sometimes  attri¬ 
buted  Is  in  the  field  of  HAZ  hydrogen  cracking 
and  hardening. 

HYDROGEN  CRACKING 

As  an  aspect  of  weldability  the  problem  of  under 
bead,  hard  zone,  cold,  delayed,  restraint,  or 
simply  HAZ  hydrogen  cracking  can  probably  claim 
to  have  been  the  longest  and  most  widely  studied 
problem  in  welding  ferritic  steels.  In  terms  of 
Its  role  as  the  most  common  cracking  problem  and 
the  dominant  contributory  part  It  can  exert  in 
Initiating  catastrophic  brittle  fracture  and 
fatigue  failures,  this  extensive  study  Is  under¬ 
standable.  As  the  various  names  by  which  this 
form  of  cracking  is  som°*’iiTies  described  imply, 
many  facto--  are  Involved  in  its  occurrence,  but 
simply  expressed  it  occurs  under  the  combined 
simultaneous  presence  of;- 

Sufficient  hydrogen 

Hard  HAZ  microstructures 

Tensile  stresses 

Temperatures  near  to  normal  ambient  (20°C) 

The  role  played  by  the  steel  in  this  list 
concerns  the  effort  to  avoid  the  formation  of 
the  necessary  predominantly  martensitic 
microstructure  in  the  HAZ,  For  very  many  years, 
as  a  generalisation,  it  has  been  known  that  the 
risk  of  HAZ  hydrogen  cracking  can  be  reduced  by 
limiting  these  elements  in  the  steel  which 
Increase  the  tendency  to  form  hard  predominantly 
martensitic  microstructures  in  the  heat  affected 
zone.  For  a  long  time  too,  the  major  elements  of 
concern  have  been  grouped  together  to  include 
their  Influence  relative  to  that  of  carbon,  in  a 
carbon  equivalent  formula  of  which  the  most 
widely  used  is  the  IIW 

.  Mn  ,  Cr  +  Mo  +  V  ,  Ni  +  Cu  , 
tt.  +  6  +  5  +  15  “  ^ 

Hence,  in  a  general  sense,  steel  development  for 
improved  resistance  to  HAZ  hydrogen  cracking  has 
been  aimed  at  lowering  the  CE  value  of  the  steel 
composition.  The  formula  clearly  shows  that  a 
reduction  in  carbon  content  is  the  most  effect¬ 
ive  means  of  lowering  the  CE  value.  However, 
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reductions  in  carbon  have  to  be  achieved  while 
malntainina  plate  yield  strengths  the  order 
of  350N/mm'^  and  it  is  in  that  area  that  major 
steel  developments  have  taken  place,  as  de¬ 
scribed  in  Section  2. 

What  is  the  effect  of  the  changes  in  steel 
composition  considered  in  section  2  on  HAZ 
hydrogen  cracking  behaviour?  Certainly  during 
the  last  five  to  eight  years  there  have  been  a 
number  of  reports  and  publications  claiming  that 
many  of  these  trends  in  composition  and  process¬ 
ing  have  had  an  adverse  effect  on  some  aspect  of 
weldability  particularly  hydrogen  cracking  and 
HAZ  hardening  behaviour  (6,7).  Hven  a  few  years 
ago,  however,  in  a  study  of  several  modern  off¬ 
shore  steels,  Boothby  found  no  evidence  for  an 
adverse  influence  of  modern  against  older 
steels.  He  did  however  find  that  there  was  no 
improvement  and  possibly  some  deterioration  in 
resistance  to  cracking  as  the  carbon  equivalent 
decreased  from  0.43  -  0.36. 

Over  the  last  few  years  at  the  Welding 
Institute  several  modern  structural  steels 
covering  the  CE  range  0.30  -  0.45  have  been 
examined.  The  results  of  these  studies  are 
presented  in  Fig  5  together  with  the  data  from 
Boothby' s  study.  In  any  such  compilation  of  data 
the  inherent  scatter  In  welded  hydrogen  cracking 
tests  must  be  recognised  and  taken  into  account. 
Moreover  even  in  one  laboratory  the 
reproducibility  of  the  two  parameters  in  the 
figure  could,  at  best,  be  of  the  order  of  ±  0.5 
secs  and  ±  0.15  CE.  Bearing  this  in  mind,  the 
trend  in  the  figure  can  clearly  be  seen,  over 
the  wide  range  of  CE  for  which  data  are 
presented,  to  be  for  a  reduction  in  the  risk  of 
cracking  as  the  CE  level  is  decreased.  In 
general  this  is  supported  by  industrial 
fabrication  experience  for  such  steels. 

At  the  same  time,  some  of  the  changes  in 
composition,  particularly  the  Increased  cleanli¬ 
ness,  can  give  rise  to  a  greater  than  expected 
HAZ  hardening  characteristic  -  see  next  section 
-  and  certainly  as  the  carbon  decreases  there  is 
a  trend  for  cracking  to  occur  at  lower  HAZ 
hardness  levels,  le  for  critical  hardness  levels 
to  decrease,  compared  to  the  experience  with  the 
higher  carbon  steels  of  the  60s  and  early  70s 
(8-10).  For  example  In  a  steel  with  0.18Z  C  and 
a  CE  of  0.44  the  critical  hardness  may  be  about 
420  HV,  while  in  a  0.07ZC,  0.30  CE  steel 
cracking  may  occur  at  HAZ  hardness  nearly  as  low 
as  300  HV.  Collectively  these  features  of  in¬ 
creased  hardening  and  lower  critical  hardness, 
especially  when  present  together,  can  mean  some 
locally  Increased  tendency  for  cracking  behav¬ 
iour  and  that  may  account  for  some  of  the 
scatter  in  the  diagram.  Of  course  it  is  almost 
certain  that  the  scatter  can  be  reduced  by  the 
derivation  of  a  better  descriptive  compositional 
parameter  than  CE,  and  future  work  at  The 
Welding  Institute  will  be  exploring  this  aspect. 


However,  as  recent  studies  and  their  formulae 
(11,12)  have  indicated,  the  complexities  of  the 
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Fig  5;  Current  CTS  results  on  modern  C:Mn 
steels.  Critical  cooling  time  for  weld  hydrogen 
level  of  ~  10-12  ml/100  g  deposited  metal. 

subject  are  such  that  further  investigations  are 
most  unlikely  to  lead  to  a  simple  parameter  if  a 
significant  reduction  in  scatter  is  to  be 
sought.  The  principal  message  however  is  clear, 
that  overall,  the  present  trend  in  steel  compo¬ 
sition  Is  beneficial  for  the  problem  of  HAZ 
hydrogen  cracking. 

Hydrogen  embrittlement  and  cracking  Is  not 
exclusive  to  the  HAZ  and  can  also  occur  in  weld 
metal.  In  general,  in  the  past,  welding  proce¬ 
dures  to  avoid  HAZ  cracking  were  adequate  to 
protect  the  weld  metal.  However,  the  downward 
trend  in  CE,  while  improving  the  resistance  of 
the  HAZ  to  hydrogen  cracking  and  lowering  the 
protection  it  needs,  has  not  helped  the  weld 
metal.  In  practice  there  are  now  several  fabri¬ 
cation  situations  where  weld  metal  hydrogen 
cracking  Is  more  likely  than  HAZ  cracking,  and 
this  is  particularly  so  at  higher  heat  Inputs, 
for  example  with  submerged  arc  welding,  which 
significantly  softens  the  HAZ  while  having 
relatively  little  effect  on  weld  metal  hardness. 
The  form  of  weld  metal  cracking  most  commonly 


observed  is  transverse  and  angled  at  approxi¬ 
mately  45°  to  the  weld  surface.  Fig  6.  It  can  be 
very  difficult  to  detect,  particularly  because 
of  its  orientation,  unless  appropriate  ultra¬ 
sonic  inspection  techniques  are  used  (13). 
Despite  significant  reductions  in  consumable 
moisture  content,  the  problem  still  occurs 
intermittently,  sometimes  with  very  major  Impact 
on  production  schedules  and  costs.  To  allow  full 
economic  advantage  of  the  low  risk  of  HAZ 
hydrogen  cracking  offered  by  today's  low  CE 
steels,  further  work  is  required  both  to  care¬ 
fully  define  the  need  for  and  level  of  preheat 
as  a  function  of  hydrogen  level  and  welding 
procedure  to  prevent  weld  metal  hydrogen 
cracking,  and  to  obtain  even  lower  weld  hydrogen 
levels  from  improved  consumables. 

HAZ  HARDENING 

There  is  little  doubt  that  under  some  circum¬ 
stances  the  cleanliness  of  a  steel  le  the  number 
of  oxide  and  sulphide  particles  present,  can 
influence  the  HAZ  austenite  to  ferrite  trans¬ 
formation  in  such  a  way  that  a  reduction  in 
numbers  of  these  particles  can  result  In  an 
increased  hardening  and  hence  HAZ  hydrogen 
cracking  tendency  (14).  Bearing  in  mind  the 
established  influence  of  second  phase  particles, 
particular  oxides  (15-17)  but  recently  sulphides 
(18),  on  austenite  decomposition  in  weld  metals 
,  an  effect  in  the  HAZ  is  not  me tal lurgical ly 
surprising.  The  reported  variability  in  HAZs  is 
clearly  in  large  part  linked  to  the  lack  of 
correlation  between  weight  percent  of  oxygen  and 


Fig  6:  Example  of  45°  or  'chevron'  cracking  in 
C:Mn  submerged  arc  weld  metal. 

sulphur  and  the  me ta T 1 urglcal I y  Important  para¬ 


meter  of  numbers  of  particles  (19).  The  absence 
of  an  effect  in  a  few  specific  studies  (14,20, 
21)  in  certain  steel  compositions  may  be  linked 
to  other  factors  not  yet  identified. 

In  practical  terms  this  effect  of  cleanli¬ 
ness  on  HAZ  hardening  and  hydrogen  cracking  is 
generally  only  small  but  individual  cases  have 
occasionally  reported  large  effects  with  major 
fabrication  difficulties,  eg  (22).  In  general  it 
seems  that  practical  difficulties  only  arise 
when  a  change  in  steel  cleanliness  coincides 
with  the  use  of  previously  satisfactory  proce¬ 
dures  which  had  a  very  small  margin  of  safety  in 
respect  of  meeting  HAZ  hardness  requirements  or 
avoiding  HAZ  hydrogen  cracking.  Moreover  the 
reported  Incidence  of  problems  was  greatest  only 
during  the  several  years  of  transition  from  less 
clean  to  today's  very  clean  steels.  Now,  with 
many  years  experience  of  welding  clean  steels, 
this  aspect  is  far  less,  if  at  all,  a  practical 
problem  especially  when  balanced  against  the 
vast  array  of  improved  properties  associated 
with  cleaner  steels. 

Of  course  with  the  trend  to  reduce  carbon 
contents,  maximum  hardness  levels  obtainable  in 
HAZs  are  lower  as  a  direct  effect  of  carbon  on 
martensitic  hardness.  However,  the  rate  of 
softening  of  modern  steels  with  increased  heat 
input  may  not  always  be  as  great  when  compared 
with  older  steels,  particularly  If  compared 
using  just  the  simple  CK  IIW  formula.  Part  of 
the  reason  for  this  may  be  related  to  the  influ¬ 
ence  of  other  elements  not  included  in  the 
formula,  such  as  boron,  and  their  interactions 
with  changes  In  nitrogen  and  aluminium  levels 
(5,12,23),  while  part  of  it  may  be  the  need  to 
use  more  specifically  designed  compositional 
parameters  eg  those  recently  proposed  by  Nippon 
Steel  or  Mannesmann  (12,24)  for  describing  HAZ 
hardening  behaviour  in  carbon  manganese  micro- 
alloyed  steels. 

WE1.D  METAL  TOUGHNESS 

In  the  early  7ns  weld  metal  deposited  by  most  of 
the  processes  ised  in  offshore  platform  con¬ 
struction,  principally  manual  metal  arc  and 
submerged  arc,  produced  relatively  inferior  as- 
welded  levels  of  toughness,  sometimes  requiring 
costly  post  weld  heat  treatment  fPWHT)  to 
provide  adequate  fracture  resistance,  parti¬ 
cularly  for  the  critical  node  regions  (25). 
Extensive  stv.dy  of  factors  influencing  weld 
metal  toughness  which  was  taking  place  in  the 
late  7ns  and  early  SOs  highlighted  the  role  of 
oxygen  level  and  inclusions  on  weld  metal  micro¬ 
structure  development  and  toughness.  Continued 
study  demonstrated  the  interaction  of  steel 
composition  with  weld  metals  particularly  for 
the  high  dilution  submerged  arc  process,  which 
Is  widely  used  for  the  manufacture  of  tubulars 
for  platforms.  These  studies  (2h-29')  showed  tliat 
weld  metal  toughness  was  very  strongly  influ- 
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enced  by  aluminium  content,  Fig  7,  when  using 
basic  fluxes,  which  are  widely  employed  for 
obtaining  the  required  toughness  levels.  Indeed 
it  is  now  well  established  that  in  general  the 
optimum  aluminium  level  decreases  with  decreas¬ 
ing  weld  metal  oxygen  level  and  hence  the 
tolerance  to  aluminium,  which  can  be  derived 
from  parent  steel  by  dilution,  is  lower  with  the 
lower  oxygen  level  of  basic  fluxes.  Practical 
problems  in  obtaining  required  weld  metal 
toughness  levels  were  experienced  in  several 
projects  when  plate  aluminium  levels  rose  sign¬ 
ificantly  above  about  0.04%.  Similar  problems 
have  been  reported  and  observed  in  line  pipe 
manufacture  (30).  However,  in  general,  at  the 
present  time,  weld  metal  toughness  is  not  a 
major  problem  for  this  fabrication  type  (for 
minimum  design  temperatures  of  -10°C)  largely 
because  of  the  successful  consumable  develop¬ 
ment,  and,  particularly  in  relation  to  the  use 
of  self  shielded  consumables,  the  knowledge 
gained  in  respect  of  procedural  requirements  to 
obtain  adequate  toughness  (31).  Lower  design 
temperatures  and  a  possible  increased  usage  of 
gas  shielded  tubular  wires  are  likely  to  require 
further  development  however. 


Total  Al  content  in  weld  metal,  % 


Fig  7:  Effect  of  weld  metal  Al  content  on 
charpy  hydrogen  in  submerged  arc  welds  made  with 
a  basic  flux  (26)  . 


HAZ  TOUGHNESS 

Concern  over  the  problem  of  brittle  fracture  in 
offshore  structures  operating  in  the  North  Sea, 
perhaps  highlighted  by  the  failure  of  the 
"Seagem"  in  1965  and  the  gathering  pace  of 
development  in  the  late  1960s  and  early  1970s, 
prompted  extensive  European  studies  of  HAZ 
toughness  in  offshore  steels  (32,33).  Those 
studies  generally  found  adequate  levels  of 
toughness  provided  heat  inputs  were  within  the 
range  1.5  to  4,0  kJ/mm.  However,  in  the  80s  an 
Increasing  incidence  of  low  levels  of  HAZ 
toughness,  particularly  CTOD  fracture  toughness, 
were  experienced.  Moreover  the  experience  was 
not  confined  exclusively  to  the  high  temperature 
grain  coarsened  region  in  the  as-welded  con¬ 
dition.  These  findings  Introduced  a  period  of 
intense  study  of  HAZ  toughness,  and  in  the  last 
five  years  have  possibly  provided  the  dominant 
driving  force  for  steel  development  for  this 
market . 

Extensive  studies  of  the  effect  of  many 
factors  on  HAZ  CTOD  fracture  toughness  including 
steel  composition,  welding  procedure,  peak  temp¬ 
erature  on  reheating,  the  proportion  and  size  of 
brittle  regions  in  multipass  welds  etc,  have 
been  carried  out  (34-38).  To  a  large  extent,  but 
not  exclusively,  sometimes  misleadingly 
simplified,  the  problem  has  been  found  to  be  one 
of  Initiation  of  cleavage  fracture  from  the 
intercrltically  reheated  grain  coarsened  (ICGC) 
HAZ  region,  at  least  in  the  as-welded  condition. 
In  the  post-weld  heat  treated  condition 
Initiation  is  usually  from  grain  coarsened  HAZ 
which  may  or  may  not  have  been  sub-crltica lly 
reheated  (SCCC). 

These  regions  are  quite  small  and  hence 
have  given  rise  to  the  term  "local  brittle 
zones"  (LRZ).  However  It  should  be  recalled  that 
both  HAZ  fracture  toughness  testing  in  the  past 
and  failure  analysts  have  shown  fracture  can 
initiate  from  small  local  zones  of  poor 
toughness  and  in  that  sense  LRZs  are  not  a  new 
phenomena.  Nor  indeed,  as  recent  work  has  shown, 
are  they  especially  associated  with  modern 
steels  (39).  Moreover  recent  wldeplate  testing 
(40)  indicates  they  can  be  structurally  signifi¬ 
cant  when  welded  joints,  with  crack  tips  located 
in  such  regions  are  highly  stressed  at  minimum 
design  temperatures.  That  the  recent  history  of 
offshore  structures  is  essentially  free  of 
brittle  fractures  is  largely  considered  to  be  a 
reflection  of  the  low  probability  of  a  simul¬ 
taneous  occurrence  of  all  factors  necessary  to 
produce  a  fracture,  ie  high  load  at  low  temper¬ 
ature  in  a  cracked  joint  such  that  the  crack  tip 
is  in  a  region  of  low  toughness,  rather  than  an 
indication  that  low  CTOD  values  have  no  struc¬ 
tural  relevance  at  all  (41,42).  However,  the 
subject  is  highly  complex  since  concern  relates 
to  multipass  welds  mainly,  with  the  attendant 
multiplicity  of  thermal  cycles  and  micro- 


168 


1 


structural  regions,  and  to  an  understanding  of 
properties  in  both  the  as-welded  and  post-weld 
heat  treated  conditions.  Hence  it  is  very 
important  that  studies  are,  in  the  large  part, 
conducted  on  multipass  welds  which  need  to  be 
carefully  monitored  in  respect  of  their 
consistent  production  of  mlcrostructural  regions 
of  concern  eg  ICGC  HAZ,  and  which  require  a 
post-testing  examination  of  the  fracture 
initiation  region  and  of  regions  sampled  by 
fatigue  crack  tips.  Two  recently  published 
specifications  recognise  this  and  provide 
helpful  guidance  in  this  difficult  area  (43,44). 

From  the  studies  that  have  been  carried 
out,  and  are  still  in  progress,  it  seems  that 
the  basic  factors  influencing  HAZ  toughness  are 
the  principle  factors  which  Influence  cleavage 
fracture  in  ferritic  materials,  le  effective 
grain  size,  yield  strength,  and  extent  and  size 
of  raicrocrack  Initiators.  Thus  toughness  is 
improved  by: 

Lowering  the  matrix  hardness  or  yield 
strength 

Reducing  the  effective  grain  size 

Reducing  the  size  and  extent  of  microcrack 
initiators  eg  carbides,  M-A  (martensite- 
austenite)  and  inclusions. 


Fig  8:  Effect  of  carbon  equivalent  on  HAZ  CTOI) 
fracture  toughness  (after  Nakaniski  et  al  (43)). 


In  general  it  is  found  therefore  that 
toughness  is  deteriorated  by  increasing  heat 
input,  arising  largely  as  a  result  of  coarsened 
microstructures,  le  a  larger  effective  colony 
size  as  the  austenite  grain  size  increases  and 
larger  M-A  and  carbide  phases.  Compositional 
factors  leading  to  a  decreased  hardness,  often 
expressed  as  decreasing  carbon  equivalent,  have 
also  been  found  to  Increase  toughness,  over  the 
range  applicable  to  C:Mn  ralcroalloyed  steels. 
However,  as  the  work  of  Nakanlshi  shows  (45) 
such  relationships.  Fig  8,  are  rarely  linear, 
and  if  the  carbon  equivalent,  or  perhaps  carbon, 
drops  too  low  in  this  family  of  steels, 
toughness  can  deteriorate  again,  since  the 
effective  grain  size  starts  to  increase.  While 
niobium  microalloying  is  clearly  advantageous 
for  development  of  excellent  plate  properties, 
many  studies  (37,46-48)  over  the  years  have 
indicated  that  decreasing  niobium  levels,  at 
least  for  medium  to  high  heat  inputs,  is  yet 
another  way  to  Improve  HAZ  toughness.  This 
largely  arises  from  a  reduced  HAZ  hardness  or 
yield  strength  at  lower  niobium  levels.  In  the 
effort  to  obtain  improved  HAZ  toughness,  with  so 
many  factors  influencing  it,  each  possible 
improvement  contribution  is  likely  to  be  used 
and  so  typical  niobium  levels  are  still  falling 
today  with  n.fllO  to  0.0151!  becoming  increasingly 
common,  particularly  in  ar.celerated  cooled 
plsf'C.  The  extent  to  which  these  lover  levels 
of  Nb  are  just  a  reflection  of  improved 
toughness  is  unclear,  since  with  improved  plate 
processing,  especially  accelerated  cooling,  the 
required  Nb  levels  to  attain  present  plate 
properties  are  also  falling.  Hence  it  is  likely 
that  the  observed  trends  in  \b  level  reflect 
many  factors,  of  which  improved  HAZ  toughness  is 
just  one. 

As  mentioned  obove  one  of  the  regions  of 
low  toughness  is  the  ICGC  HAZ  and  studies  have 
shown  the  low  toughness  to  be  due  to  the  detri¬ 
mental  effect  of  small  areas  of  "island 
martensite"  or  M-A  formed  from  original  high 
carbon  austenite  regions  and  then  acting  as 
crack  initiators.  Factors  Influencing  M-A 
formation  have  been  investigated  (37),  and  work 
at  the  Welding  Institute  (49)  has  shown  that  M-A 
is  not  always  formed  in  modern  steels,  pearlitc 
sometimes  being  the  type  of  microphase  developed 
(Fig  9).  There  is  some  indication  that  although 
an  ICGC  HAZ  microstructure  containing  pearllte 
may  be  of  lower  toughness  than  its  corresponding 
SCGC  HAZ  microstructure,  pearllte  is  neverthe¬ 
less  less  harmful  than  M-A.  Further  study  is 
needed  to  confirm  this  and  to  determine  the 
alloying  features  which  contribute  to  its 
formation  rather  tlian  to  the  formation  of  M-A. 

To  some  extent  the  cenLieliue  segregation 
aspect  of  continuous  casting  has  aggravated  the 
HAZ  toughness  problem  by  locally  raising  micro- 
structural  hardness.  In  addition  Metz  et  al  (5l)) 
have  associated  reduced  Cliarpy  toughness  after 
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PWHT,  especially  at  mid  thickness  of  concast 
plates,  with  segregation  and  Increased 
phosphorus  levels.  A  possibly  related  aspect 
which  has  come  to  light  Is  the  significant 
tendency  for  low  toughness  after  PWHT  to  be 
associated  with  the  formation  of  Intergranular 
fracture  facets  (51,52).  The  most  likely  cause 
of  this  is  from  the  locally  enhanced  phosphorus 
levels,  producing  some  type  of  temper  embrittle¬ 
ment,  although  further  study  of  this  is 
required. 

FDTORE  TRENDS  AND  REQUIREMENTS 

There  can  be  little  doubt  that  fabricators  and 
users  will  continue  to  demand  material  of  even 
better  weldability  than  the  present  day,  already 
substantially  Improved  materials  are  offering. 


Fig  9:  SEM  micrograph  of  pearl  ite  In  ICCC  HA2 
(after  Sparkes  (49). 

Greater  ease  In  avoiding  cracking  and 
produ.-ing  soft  and  ductile  HAZs  will  he  required 
together  with  a  great  consistency  of  properties 
through  a  plate,  from  plate  to  plate,  and  from 
heat  to  heat.  A  need  to  obtain  adequate 
toughness  both  at  higher  heat  Input  welding 
conditions  and  at  lower  minimum  design 
temperatures  can  also  he  envisaged. 

How  will  these  demands  be  met  and  are 
current  trends  In  the  right  direction?  At  least 
In  a  general  sense  further  Improvement  can  be 
obtained  by  lower  carbon  and  carbon  equivalent 
levels,  and  It  seems  that  there  will  be  furtl'er 
use  of  the  cheapest  "alloying  element"  -  water  - 
through  the  wider  and  more  effective  use  of  ac¬ 
celerated  cooling  techniques  to  maintain  parent 
material  strength  and  toughness  levels  wliile 
allowing  this  trend  to  lower  carbon  and  CR 


levels  to  continue.  This  will  benefit  avoiding 
HAZ  cracking,  meeting  HAZ  hardness  requirements 
and  HAZ  toughness.  However,  as  indicated  earlier 
In  Fig  8,  we  cannot  expect  lowering  CE  to 
continue  improving  toughness  regardless,  since 
If  the  hardenablllty  Is  too  low  coarse  micro¬ 
structures  develop  with  a  consequent  reduction 
In  toughness.  There  Is  an  additional  factor 
which  may  limit  the  extent  to  which  continued 
reduction  of  CR  levels  will  always  lead  to 
improved  HAZ  fracture  behaviour  and  that  relates 
to  the  possibility  of  developing  softened  HAZ 
regions.  Recent  wldeplate  studies  of  high 
strength  steels  (53)  indicate  that  these  can 
show  unexpectedly  low  strains  to  fracture  and 
this  has  been  attributed  to  the  development  of 
undermatching  strength  regions  In  the  HAZ.  With 
very  low  CE  C:Mn  steels  of  approximately  350 
N  /  mm'^  yield  strength,  corresponding  low  strength 
HAZ  regions  may  develop,  (54)  especially  at  high 
welding  heat  Inputs.  A  point  to  note  is  that 
this  behaviour  may  not  be  apparent  just  fropi 
CTOn  fracture  toughness  testing  and  could 
require  wldeplate  testing  to  Identify  it. 
However,  useful  Improvements  In  HAZ  toughness, 
especially  for  North  Sea  design  temperatures, 
have  already  been  obtained  and  this  softening 
aspect  may  be  some  way  off  yet,  in  terms  of 
lower  CE,  for  the  350  N/mm^  strength  steels. 

Tmpiirity  levels  are  already  low  in  this 
class  of  steel  but  at  least  In  respect  of  HAZ 
toughness  benefit  can  be  expected  by  further 
reductions  both  in  nominal  phosphorus  levels  and 
especially  in  the  extent  of  segregation,  so  as 
to  reduce  the  incidence  of  Intergranular 
fracture  in  the  centre  segregation  region  of 
continuous  cast  plate  materials  after  post  weld 
heat  treitment.  No  adverse  effect  of  reduced 
phosphorus  level  is  envisaged,  however  far  it  is 
taken,  except  for  a  small  penalty  in  plate 
strength. 

The  same  cannot  he  said  in  respect  of 
nitrogen  since  continued  reduction  as  with  CE 
may  not  always  result  in  Improved  HAZ  toughness, 
as  continueii  reduction  in  nitrogen  may  also  be 
associated  with  adverse  side  effects,  eg  a 
reduction  in  austenite  grain  growth  resistance 
in  the  high  temperature  HAZ  arising  from  fewer 
or  less  optimum  sixed  nitrides.  As  is  the  case 
with  TIN  steels,  where  an  optimum  non-zero 
nitrogen  level  exists,  (55)  so  even  for  A1 
treated  steels  too  low  a  nitrogen  level  could  be 
a  disadvantage. 

An  element  which  has  received  relatively 
little  attention,  at  least  In  this  class  of 
steel,  is  silicon.  Haze  and  Alhara  (37)  indicate 
that,  for  the  ICGCHAZ  its  detrimental  effect  is 
similar  to  that  of  carbon,  while  Klnaka  et  al 
(56)  Indicate  optimum  levels  may  be  as  low  as 
around  0.15Z.  Certainly  furtlier  research  Into 
this  element  seems  warranted  especially  where 
the  loss  of  strength  at  such  low  levels  can  be 
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accommodated  by  the  use  of  less  embrittling  ele¬ 
ments.  According  to  Haze  and  Alhara,  these  could 
be  Mn,  Cu  or  N1  all  having  a  CTOD  deterioration 
factor  significantly  less  than  that  of  Si. 

Just  as  in  their  own  way  the  introduction 
of  microalloying,  controlled  rolling  and  accel¬ 
erated  cooling  can,  with  hindsight,  be  seen  as 
step  changes  in  our  development  of  more  weldable 
steels,  the  next  step  change  is  probably  just 
appearing  on  the  commercial  horizon.  To  aid  the 
current  weldability  topics  of  HAZ  hydrogen 
cracking,  hardening  and  toughness,  the  common 
metallurgical  requirement  is  for  the  development 
of  HAZ  microstructures  of  low  hut  adequate  yield 
strength,  yet  of  fine  grain  size.  Reduced  CK  (or 
Pern  or  CEN’  or  any  parameter  chosen  to  assess 
a’ laying)  is  beneficial  for  reducing  hardening 
hut  this  does  little  for  tlie  production  of  a 
fine  ferrite  grain  size.  Many  years  ago  efforts 
were  made  to  reduce  tlie  damaging  austenite  grain 
growth  that  occurs  in  the  high  temperature  HAZ 
hy  the  use  of  Ti\'  particles  (57)  and  hence 
iecelop  a  fine  t  ransforniui  ni  c  ros  t  rue  t  u  re . 
Experience  to  diCe  some,  I J- 1 5  years  on  from  the 
earlier  developments,  still  meets  witi)  only 
mixed  success  ei  tiler  in  te^'ms  of  significant 
control  of  austenite  or  ferrite  grain  size.  This 
is  hei'ausc  |>roduction  of  tlie  required  TiV 
narticles,  and  malntemoice  of  tlien  through 
siihsequent  steel  p  roi-ess  i  in; ,  including  welding, 
lias  pr'ived  verv  difficult  although  improv.'i! 
control  is  hi'inc  ohtaiued. 

h’eld  metal  ■”  i  c  ros  t  rui  r  ures  from  noiiorn 
c  uisum.ihles  cm  rievelon  •' i  ne  v’rain  ferrite 
structures  over  a  wide  range  i>f  pricticil 
cool  in;;  rate's  and  this  is  ac'iievi.,j  hv  usinj.  the' 
inherent  oxide  uirti.-Ies  to  provide  _Fartii'le 
j^i  c  ros  r  me  t  u  ra  I  _^'>ntrol  (EMrl.  Tlii’se  fine 
m.  i  c  ros  t  rnc  t  ii  re  s  ar.'  l.'Vi' I  .ipeii  init  hv  rislucinc 
(he  austeniti'  ytrain  growth  hut  hv  j^rom.itinj^ 
nucli'irion  of  i  nf  ran  r  mu  I  a  r  deioimpos  i  1 1  on  of 
austeniti’  to  ferriti'  usin,'  fine  second  phase 
particles,  'which  ari  .’enertllv,  hut  not  exclu¬ 
sively,  oxides  iaH,5H,59').  This  PMC  teclinologv 
is  now  hepinninv,  to  he  ipplie!  to  produce  fine 
crainel  ferrite  in  the  HAZ  of  parent  steels 
where  the  use  of  St  ihle  oxides  in  particular  eg 
tit  mium  oxide  allows  easier  processing  of  t  lu’ 
steel  ai'ter  cast  i",,’  than  was  the  ease  for  the 
■''iN  at'uroach.  The  potential  henefits  of  this 
next  step  (  li.ince  u  e  verv  suhstaiitial  hut  tlie 
t  ec  tuio  I  og  i  cu  I  requ  i  risaent  s  of  consisreutlv 
tiriiliicini'  au  '  u  distribution  of  line  se,  oud 
pha'ie  iiarticles  are  verv  daiintiiu’.  \eve  r  t ’le  I  e  ss 
there  are  re[)orts  of  siii  h  steel  hayin>t  heen 
peiiduced  on  a  IS  niercial  scale  f  15)  ,md  ri-seirrh 
in  this  area  is  definitely  gal'tering  pare. 

■Ather  wai's  of  produclint  t  f  ,-j,.  crained  sot  f 
truistormed  o  i  c  r  o  s  t  r  I  c  (  ii  r  e  s  ".av  he  t.iimd  e' 1  it 
Is  inleri’st  i  uj’  to  note  that  neeui  studies  f , 
hi)  lia'/e  slio'wn  rhit  vanitlu-'  a|ipears  fo  he  I'de 
'  o  p  r  ooo  r  e  i  n  f  r  a  a  r  t  ■;  1 1  n  c,  le  !  e.a  t  I  o",  ml  i  ;  1 


development  of  finer  microstructures.  Whether 
this  feature  can  be  utilised  to  improve  HAZ 
toughness,  while  maintaining  required  plate 
mechanical  properties  without  additional 
alloying,  remains  to  be  seen. 

SUMMARY  AND  CONCLUDING  REMARKS 

Over  the  history  of  steel  construction  for 
offshore  oil  and  gas  production,  weldability  of 
the  steel  has  changed  from  a  near  non- 
requirement  to  a  primary  property  specification, 
as  Important  as  the  steel  strength  and  tough¬ 
ness.  To  meet  this  changing  situation,  major 
developments  have  taken  place  In  steel  making, 
steel  compositions  and  steel  processing 
techniques.  Early  developments  were  particularly 
focused  on  the  problems  of  lamellar  tearing  and 
HAZ  hydrogen  cracking  and  produced  substantial 
reductions  in  sulphur  and  carbon  levels  in 
particular.  The  improvement  in  cleanliness  has 
been  so  extensive  and  widespread  that  lamellar 
tearing  is  no  longer  a  fabrication  problem  in 
this  industry.  The  reduction  in  carbon,  and 
carbon  equivalent,  brought  about  by  micro- 
alloving,  improved  processing  of  normalised 
steels,  and  more  recently  accelerated  cooling, 
have,  together  with  improved  consumables,  led  to 
a  significant  overall  reduction  in  the  potential 
for  HAZ  hydrogen  cracking,  despite  any  adverse 
effect  on  hardenahl 1 1 ty  from  the  increased 
cleanliness.  However,  the  full  economic  advan¬ 
tage,  in  terms  of  absence  of  preheat,  offered  by 
very  low  CE  steels,  for  the  avoidance  of  HAZ 
hyiiroi;en  cracking,  cannot  always  he  utilised 
sinro  preheat  is  sometimes  still  required  to 
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further  developments,  of  which  the  use  of 
controlled  second  phase  particles,  particularly 
oxides,  giving  particle  microstructural  control 
(PMC)  to  produce  fine  transformed  ferritic  HAZ 
raicrostructures  is  probably  the  most  promising. 
This  high  level  technology  will  he  difficult  to 
Implement  but  it  can  be  expected  to  also  provide 
benefits  in  other  areas  of  weldability  including 
HAZ  hydrogen  cracking  and  hardening  behaviour  as 
well  as  aiding  achievement  of  good  HAZ  and  weld 
metal  toughness  of  joints  made  by  the  princi¬ 
pally  single  pass,  autogenous  electron  beam  and 
laser  welding  processes. 
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ABSTRACT 


The  economic  achievement  of  improved 
combinations  of  strength,  toughness  and 
weldability  in  offshore  structural  steels  has 
been  an  important  aspect  of  ongoing  research 
and  development  during  the  last  decade- 
Recent  interest  has  concentrated  largely  on 
the  heat  affected  zone  (HAZ)  and  its 
microstructure;  in  particular  the  dependence 
of  weldability  and  toughness  on  weld  heat 
input,  preheat  and  post  weld  heat  treatment. 
Significant  Improvements  in  weldability  have 
been  achieved  over  the  years  through 
reductions  in  carbon  equivalent,  but  a 
consequence  of  this  trend  has  been  a  shift  in 
balance  from  carbon-dominated  to  alloy 
element-dominated  strengthening  mechanisms  in 
the  steel,  and  the  resultant  undermining  of 
the  basis  for  the  original  relationships 
between  carbon  equivalent  and  weldability. 

The  Increased  use  of  crack  tip  opening 
displacement  (CTOD)  testing  in  recent  years 
has  focussed  attention  on  the  occasional 
occurrence  of  very  low  CTOD  values  in  heat 
affected  zones,  particularly  if  the  crack 
samples  a  sufficiently  large  region  of  coarse 
grains  adjacent  to  the  fusion  boundary,  known 
as  a  local  brittle  zone  (LBZ).  Recent  and 
ongoing  research  is  directed  towards 
characterising  the  extent  to  which  such  zones 
occur  and  establishing  their  influence  on  the 
behaviour  of  the  welded  fabrication  as  a 
whole . 


THE  DEVELOPMENT  OF  THE  OIL  AND  GAS  FIELDS  in 
the  North  Sea  commenced  with  exploratory 
drilling  and  the  first  gas  discoveries  in  the 
mld-1960's,  and  was  followed  by  the 
development  of  the  first  major  production 
facilities  In  the  early  1970's.  The  direct 
Involvement  of  British  Gas  In  these  early  and 


dramatic  days  of  North  Sea  exploitation  was 
comparatively  minor,  although  the  company  had 
been  active  in  exploration  and  had  for  many 
years  held  interests  in  several  oil  and  gas 
fields  in  the  UK  sector.  However,  a  significant 
change  in  the  company's  involvement  was  heralded 
by  the  decisions  taken  in  the  latter  part  of  the 
1970's  to  develop  the  depleted  gas  field  at 
Rough  as  a  storage  facility  and  the  Morecambe 
gas  field  on  a  variable  loading  pattern  to  meet 
seasonal  fluctuations  in  demand[l,2]. 
Consequently,  in  the  early  1980's  British  Gas 
rapidly  achieved  the  status  of  a  major  offshore 
operator;  some  100,000  tonnes  of  offshore 
structural  steel  were  purchased  in  the  space  of 
a  few  years,  to  construct  eight  new  steel 
offshore  fixed  platforms. 

The  involvement  of  British  Gas  as  a  user  of 
offshore  structural  steel  is  still  continuing. 
Work  has  commenced  on  two  new  platforms  to  be 
placed  on  the  South  Morecambe  field  and 
conceptual  designs  for  development  of  the  North 
Morecambe  field  are  being  evaluated.  Against 
this  background  the  present  paper  examines  the 
implications  of  some  of  the  changes  in 
steelmaking  and  steel  processing  technology 
which  have  taken  place  to  meet  the  stringent 
design  and  commercial  requirements  of  platform 
construction  in  the  UK  Continental  Shelf.  The 
particular  viewpoint  of  the  steel  user  is 
developed  by  examining  two  interrelated  areas 
which  are  of  continuing  concern,  namely  the 
control  of  the  heat  affected  zone  (HAZ) 
microstructure  and  its  Influence  on  weldability 
and  toughness  properties. 

STRUCTURAL  STEEL  DEVELOPMENT 

DESIGN  AND  CONSTRUCTION  REi)U I RF..MENTS  -  In 
common  with  those  of  many  other  offshore 
platforms  in  UK  waters,  the  fixed  platforms 
owned  and  operated  by  British  Gas  utilise  .i 
steel  jacket  manufactured  from  tubular  steel 
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members.  The  platform  design  must  include 
consideration  of  the  air  and  sea  temperatures, 
the  wave  loading  associated  with  wind  speeds  of 
up  to  200  km/h  (120  mph)  and  the  working  life 
of  up  to  40  years. 

The  most  basic  requirements  for 
satisfactory  behaviour  of  the  tubular  structure 
are  that  it  should  possess  adequate  static 
strength,  particularly  in  the  joint  regions, 
together  with  resistance  to  brittle 
f racture[ 3-6  ]  .  The  prevention  of  brittle 
fracture  initiation  has  traditionally  been 
ensured  by  specifying  a  minimum  Charpy  Impact 
energy  in  the  longitudinal,  and  later  In  the 
transverse,  orientations.  However,  the 
increasing  use  of  fracture  mechanics  analyses  to 
assess  fitness  for  purpose  and  acceptable  defect 
sizes,  particularly  in  Che  weld  zones,  has 
placed  increased  emphasis  on  measurement  of 
crack  tip  opening  displacement  (CTOD). 

Fatigue  resistance  is  also  an  Important 
design  requirement.  Although  more  than  80%  of 
the  structure  does  not  see  a  significant  fatigue 
loading[6]  the  highly  stressed  node  regions 
require  particular  attention.  The  results  of 
extensive  fatigue  testing  programmes[ 7 ] ,  both  on 
laboratory  test  specimens  and  on  full-scale 
welded  tubular  joints,  indicate  that  for  cyclic 
endurances  above  about  10^*  cycles  the  fatigue 
strength  of  welded  joints  is  largely  independent 
of  the  tensile  strength  of  the  parent  material, 
but  is  Instead  controlled  by  the  joint  profile 
and  Che  loading  of  the  member. 

In  addition  to  these  basic  mechanical 
design  requirements  there  are  several  specific 
metallurgical  requirements  for  offshore 
structural  steels,  especially  homogeneit>, 
weldabMlty  and  formabl  lityf  3-6 ,8-10  ] . 
Homogeneity  in  this  context  describes  freedom 
from  harmful  segregation,  laminations.  Internal 
cracks  and  unfavourable  Inclusion  distributions, 
as  well  as  isotropy  of  mechanical  properties. 

The  need  for  formablllty  relates  to  the 
requirement  to  form  a  large  proportion  of 
structural  steel  plates  into  tubular  or  conical 
sections;  in  the  early  years  this  usually  meant 
that  hot  forming  was  necessary  and  that  the 
specified  properties  must  be  achieved  entirely 
through  the  normalising  heat  treatment  carried 
out  on  completion  of  hot  forming.  Today  most 
fabricators  have  adequate  cold  forming  capacity 
even  for  the  thickest  plates  being  fabricated, 
and  controlled  rolling  Is  now  becoming  more 
widely  uses  for  plates  up  to  about  40  mm 
(1.3  In)  thick. 

It  is  essential  that  all  the  steel  for 
offshore  structures  must  be  readily  weldable. 

Two  aspects  of  weldability  which  have  been  of 
considerable  Importance  In  the  evolution  of 
structural  steel  specifications  are  resistance 
to  heat  affected  zone  hydrogen  cracking  and 
resistance  to  lamellar  tearing.  Heat  affected 
zone  hydrogen  cracking  is  linked  to  the  carbon 


equivalent*  of  the  material;  lower  carbon 
equivalent  values  generally  lead  to  improved 
resistance  to  hydrogen  cracking,  and  careful 
control  of  carbon  equivalent  has  thus  been  of 
major  importance.  Lamellar  tearing,  which  can 
occur  due  to  the  build-up  of  stress  in  the 
through-thickness  direction  in  the  node  regions 
of  a  fabricated  structure[ 1 ] ,  is  generally 
controlled  by  minimising  the  extent  of  elongated 
manganese  sulphide  inclusions. 

These  considerations  have  led  over  the 
years  to  the  development  of  specifications  for 
normalised  (air  cooled)  steels  with  a  nominal 
yield  strength  of  ~345  N/irm^  (50  ksi), 
corresponding  in  the  British  Standard 
BS  4360[l2]  to  the  Grade  50  strength  level.  The 
same  specified  strength  levels  are  also  required 
after  post-weld  heat  treatment  in  material 
greater  than  50  mm  (2  in)  thick.  Clearly  the 
design  and  manufacturing  requirements  for 
offshore  structural  steels  necessitate  careful 
control  of  the  balance  between  strength, 
toughness  and  weldability,  taking  into  account 
the  economic  constraints  and  the  requirements 
for  large  tonnages  of  material. 

STRUCTURAL  STEEL  METALLURGY  -  The 
metallurgical  evolution  of  microalloyed  steels 
in  general  and  offshore  structural  steels  in 
particular  during  the  last  three  decades  is  an 
immense  subject  area.  Since  many  excellent  and 
detailed  reviews  of  all  aspects  of  structural 
steel  development  have  bt.cn  published  during 
this  tlmef 3-6,8-10, 13-27  1,  the  present  paper 
will  not  attempt  to  present  a  comprehensive 
picture  but  will  Instead  highlight  one  or  two 
specific  aspects  which  are  of  particular 
interest  to  the  user. 

The  significant  advances  in  steelmaking 
technology  have  come  about  as  steelmakers 
worldwide  have  invested  heavily  in  new  plant 
and  facilities  in  order  to  meet  the  requirement 
for  large  quantities  of  high  quality  steel  at 
an  economic  prlce[4 , 10 , 14 , 18 , 28-36 J .  Major 
changes  Include  the  Introduction  of  basic 
oxygen  steelmaking  (BOS),  Improvements  in  the 
accuracy  of  process  technology  and  reductions 
in  sulphur  through  the  use  of  ladle 
steelmaking.  In  the  early  years  the  quest  was 
for  sulphur  levels  below  0.015%  and  the 
consistent  achievement  of  such  levels  was 
difficult,  but  with  combinations  of  preliminary 
hot  metal  desulphurisatlon,  BOS  furnace 
desulphurisatloii  and  secondary  refining, 
achievable  sulphur  levels  have  dropped 
dramat leal lyf 37  ]  (Figure  1)  and  sulphur  'c  els 
less  than  0.002%  can  now  be  achieved  if 
required  for  particularly  onerous  applications. 
Similarly,  phosphorus  levels  can  now  be  reduced 
to  less  than  '0.005%  by  combinations  of  hot 

*ln  this  paper  carbon  equivalent  is  defined  by: 

CE  C  +  Mn  +  Cr  +  Mo  +  V  +  C.u  +  N1 
6  5  15 
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metal  pretreatment,  BOS  furnace  treatment  and 
secondary  refining.  There  have  also  been 
significant  Improvements  in  the  control  of  the 
process  itself,  such  that  the  reliability  and 
controlled  quality  of  the  end  product  have 
significantly  improved  and  the  steelmakers  now 
have  the  ability  to  produce  large  tonnages  of 
molten  steel  to  tight  chemical  specifications, 
with  minimal  rejection  rates. 

Of  perhaps  even  more  importance  than  the 
changes  in  molten  steel  production  technology 
have  been  the  changes  in  casting  process, 
particularly  the  introduction  of  continuous 
casting.  In  the  early  1970 's  the  majority  of 
steel  plates  were  ingot  cast,  but  by  the  late 
1970 's  continuous  casting  probably  accounted 
for  more  than  80%  of  UK  plate  production  for 
offshore  construction.  As  the  achievable 
thickness  of  continuously  cast  slabs  increased 
towards  300  mm  (12  in),  so  the  production  of 
heavier  individual  plates,  up  to  ~35  tonnes, 
has  become  possible.  Centreline  segregation, 
particularly  of  carbon,  niobium,  sulphur, 
phosphorus  and  manganese,  were  problems  in  the 
earlier  years.  However,  careful  control  of 
pouring  temperatures  and  solidification 
patterns,  including  the  use  of  electromagnetic 
stirring,  have  enabled  the  control  of 
segregation  to  tolerable  levels.  Clearly, 
general  improvements  in  steel  cleanness, 
together  with  the  reduction  in  sulphur  and 
phosphorus  levels,  have  helped  to  minimise  the 
consequences  of  segregation  in  the  final  plate 
product . 

One  clear  trend  during  the  last  two 
decades  has  been  the  progressive  reduction  in 
carbon  equivalent  in  order  to  improve 
weldability.  For  many  years  this  was  largely 
achieved  by  improving  the  effective  use  of  plate 
oiling  and  heat  treatment  schedules,  enabling 
reductions  in  the  microalloying  element 
additions.  However,  whilst  these  developments 
have  yleiu>.J  significant  benefits  in  improved 
weldability  without  significant  loss  of 
strength,  there  is  a  limit  to  what  can  be 
achieved  if  the  steel  is  to  be  normalised  after 
rolling.  The  introduction  of  thermoraechanlcal 
controlled  rolling  processes  in  recent  years  has 
enabled  the  achievement  of  the  same  yield 
strength  at  a  significantly  lower  carbon 
equivalent  or  of  higher  strength  levels  without 
sacrificing  weldability,  (Figure  2).  The  most 
recent  developments  include  accelerated  cooling 
immediately  after  controlled  rolling  stops, 
improving  still  further  the  achievable 
combinations  of  weldability  and 
stre  ngth[  35,38-43]  . 

It  Is  interesting  to  note  that  the  level  of 
niobium  has  been  tending  to  fall  In  structural 
steel  plates  during  the  last  decade;  a 
comparison  of  steels  produced  In  1972  and 
198lf37|  Illustrates  that  the  niobium  level  has 
halved  from  <0.06%  to  <0.03%  (Figure  3).  It 
appears  that  part  of  this  change  has  been  as  a 


result  of  more  efficient  use  of  niobium,  along 
with  closer  control  of  the  plate  rolling 
schedules,  achieving  the  same  degree  of  grain 
size  control  with  less  alloying  additions. 
However,  there  has  also  been  a  tendency  to 
specify  reduced  niobium  because  of  its  suggested 
adverse  influence  on  HAZ  toughness[ 16 ,44 ,45  ] ; 
as  will  be  discussed  in  more  detail  later, 
niobium  is  not  always  detrimental[37 ,46 ]  and  the 
combined  effects  of  niobium  and  other  elements 
on  HAZ  grain  size  control  and  toughness  may  be 
more  complex  than  they  first  appear. 

Titanium,  like  niobium,  exhibits  a  strong 
affinity  for  several  of  the  elements  present  in 
steel,  and  consequently  can  give  rise  to  a  wide 
variety  of  different  effects.  The  principal 
influences  are  those  involving  nitrogen  and 
carbon,  either  alone  or  in  combination  with 
other  elements.  Comparison  of  the  solubility 
characteristics [47 ]  of  the  various  carbide  and 
nitride  forming  elements  (Figure  4)  indicates 
that  titanium  and  niobium  can  both  be 
particularly  effective  ir  maintaining  grain 
size  control  up  to  the  melting  point.  If  the 
titanium  level  is  kept  just  below  0.02%, 
precipitation  occurs  after  solidification  and 
the  particles  are  extremely  small.  Titanium  was 
not  used  in  earlier  years,  apparently  because 
of  problems  with  obtaining  and  retaining  uniform 
additions  throughout  the  ingot [26 , 35 ,48 ] . 
Nevertheless  steels  containing  titanium,  often 
in  combination  with  niobium  and  vanadium,  are 
now  finding  applications  in  a  number  of 
areas [26, 29, 30, 35, 41, 42, 49-51]  particularly 
where  HAZ  microstructure  control  during  welding 
is  important,  as  will  be  described  in  a  later 
sect  I  on . 

The  trends  towards  increased  steel 
cleanness  and  reduced  levels  of  oxygen  and 
nitrogen  have  enabled  increased  use  of  boron  as 
an  alloying  element  in  steels [26-28 , 32 , 52-54  ] . 
Significant  changes  in  this  respect  have  been 
the  improved  control  of  steelmaking  practice 
which  has  enabled  reproducible  results  from 
boron  additions,  and  the  greater  emphasis  on 
finding  alternatives  to  other  increasingly 
scarce  microalloying  additions.  Small  additions 
(up  to  15  ppm)  of  boron  can  significantly 
increase  the  hardenability  of  the  steel, 
provided  that  the  boron  remains  active  during 
cooling  of  the  solid  steel,  having  been 
protected  from  combining  with  nitrogen  and 
precipitating  at  grain  boundaries.  Boron,  like 
titanium,  can  have  a  significant  Influence  on 
Che  development  of  the  parent  metal 
microstructure  during  plate  processing,  and  can 
also  have  an  Important  effect  on  HAZ 
microstructure  and  properties  during  welding. 

ARKAS  OF  UN  GOINU  DEV'ELOFMKNT ;  THE  STRUCTURE 
AND  PROPERTIES  OF  HEAT  AFFECTED  ZONES 

The  preceding  section  illustrates 
briefly  that,  compared  with  the  original 
offshore  structural  steels  used  in  the  Nortii 
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Sea,  considerable  Improvements  have  been  made 
in  the  combinations  of  strength,  toughness  and 
weldability  which  can  now  be  achieved  on  a 
routine  production  basis.  Notwithstanding  this 
apparently  healthy  situation,  there  is  still 
scope  for  further  Improvements  which  can  be  of 
direct  benefit  to  the  constructors  and  operators 
of  offshore  platforms.  Current  Interest  is 
principally  focussed  on  the  HAZ  microstructure 
and  its  Influence  on  weldability  and  toughness. 

WELDABILITY  -  RESISTANCE  TO  HYDROGEN 
INDUCED  HAZ  CRACKING  -  As  was  indicated  earlier, 
weldability  has  traditionally  been  linked  to 
carbon  equivalent,  and  much  steelmaking 
development  has  therefore  been  directed  towards 
decreasing  the  amounts  of  those  elements  which 
contribute  to  carbon  equivalent.  The 
relationship  between  weldability,  or  more 
specifically  the  resistance  of  the  steel  to 
hydrogen  assisted  cracking,  and  carbon 
equivalent  is  embodied  in  the  procedures  for 
safe  welding  contained  in  the  British  Standard 
BS  5135[5Z],  the  principal  reference  document 
for  offshore  fabrication  in  the  UK  sector. 

Difficulties  experienced  by  various 
offshore  fabrlcators[ 22 ]  have  suggested  that 
these  guidelines  and  procedures  may  not  be 
satisfactory  for  normalised  structural  steels 
with  carbon  equivalents  below  about  0.40. 
Experimental  work  has  confirmed  that  the 
anticipated  Improvements  in  weldability  with 
reducing  carbon  equivalent  are  not  always 
realised  and,  for  the  time  being  at  least,  it 
has  been  recommended[ 56 ]  that  procedures  for 
avoiding  HAZ  hydrogen  cracking  are  based  on  a 
carbon  equivalent  of  0.40  minimum  (or  the  actual 
value  if  it  is  higher). 

It  has  been  suggested[ 57 ]  that  the 
Inconsistent  weldability  response  of  normalised 
C-Mn  steel  may  be  linked  to  the  low  sulphur 
content,  particularly  in  some  of  the  more  modern 
steels.  Despite  some  conflicting  reports  in  the 
literature[41 ,57 ,58] ,  it  appears  that  low 
sulphur  per  se  does  not  have  a  systematic  effect 
on  weldabi llty[  59 ]  (Figure  5).  However,  it  may 
in  some  circumstances  modify  the  inclusion 
morphology  and  distribution,  and  consequently 
change  both  the  austenite  transformation 
characteristics  and  the  availability  of  sites 
for  formation  of  molecular  hydrogen.  In  a 
recent  re-examlnatlon[ 37 j  of  some  earlier  work 
completed  by  British  Gas[60,6lj,  it  was  seen 
that  steels  with  greater  than  0.10%  sulphur  were 
less  hardenable  (giving  lower  hardnesses  for  a 
given  cooling  rate)  than  those  with  0.002%  to 
0.009%  sulphur.  These  differences  were  probably 
due  to  differences  in  the  volume  fraction  of 
fine  inclusions,  but  nevertheless  they  did  not 
result  In  systematic  differences  In  HAZ  hydrogen 
cracking  response. 

It  would  appear  that  the  observed 
Inadequacies  of  the  BS  5135  guidelines  In 
defining  safe  welding  conditions  for  low  carbon 


equivalent  materials  are  linked  to  the  changes 
which  have  taken  place  over  the  years  in  steel 
chemistry  and  to  their  effects  on  the  HAZ 
hardness  level  at  which  cracking  occurs;  this 
hardness  level  is  lower  in  steels  with  lower 
carbon  equivalent [61 ,62 ] .  The  guidelines  were 
originally  derived  using  data  from  steels  that 
contained  generally  higher  carbon  and  niobium 
contents  than  are  In  use  today,  with  little  or 
no  aluminium,  and  that  were  in  some  cases 
seml-kllled.  In  these  older  steels  weldability, 
hardness  and  steel  transformation 
characteristics  were  all  dominated  by  the 
carbon-based  and  niobium-based  strengthening 
mechanisms,  with  comparatively  small 
contributions  from  other  sources.  In  the  more 
recent  steels,  however,  both  carbon  and  niobium 
contents  have  generally  been  reduced,  and  other 
metallurgical  influences  such  as  grain  size 
(microalloying,  aluminium/nitrogen  ratios  etc) 
and  steel  cleanness  (inclusion  distribution) 
are  able  to  exert  much  greater  effect  in 
determining  transformation  characteristics  and 
susceptibility  to  HAZ  hydrogen  cracklng[37 ,63 ] . 
These  influences  control  the  degree  of  grain 
boundary  pinning  at  high  temperature,  the 
extent  of  microalloy  precipitation  and  solid 
solution  strengthening  during  subsequent 
cooling,  and  the  nucleatlon  and  growth 
characteristics  of  the  transformation  product. 

In  this  situation  it  is  hardly  surprising  that 
the  simple  IIU  carbon  equivalent,  or  any  other 
carbon  equivalent  formula,  is  not  sufficiently 
accurate  to  predict  the  behaviour  of  such 
steels . 

A  further  complication  in  the  prediction 
of  safe  welding  procedures  to  avoid  HAZ 
hydrogen  cracking  has  arisen  with  the 
Introduction  of  boron-containing  steels.  Boron 
in  small  quantities,  particularly  in 
conjunction  with  niobium  or  molybdenum, 
significantly  retards  polygonal  ferrite 
nucleation  at  the  austenite  boundaries  during 
cooling  of  the  HAZ,  allowing  reduced 
transformation  temperatures  and  the  development 
of  tougher  bainitic  microstructures [26 , 52 ] . 

This  Increases  the  hardness  of  the 
microstructure  and  is  usually  countered  in 
practice  by  reducing  the  carbon  levels.  Boron 
is  not  Included  in  the  IIW  carbon  equivalent 
formula,  but  has  been  Incorporated  in  the 
carbon  equivalent  developed  in 
Japan[64];  however  it  appears  that  the  original 
factor  of  5  was  insufficient  to  account  for  the 
effect  of  boron  at  these  lower  carbon  levels, 
and  a  higher  f  ictor  of  23  has  now  been  applied 
[54]  to  the  'effective'  boron  content  (the 
uncombined  boron,  which  is  in  turn  dependent  on 
the  amounts  of  nitrogen  and  titanium  present  in 
the  steel).  It  is  possible  that  at  very  low 
carbon  and  boron  levels  the  factor  should  be 
even  higher. 

The  experiences  with  the  low  carbon 
equivalent  normalised  steels,  particularly  the 
recently  developed  compositions,  suggest  that 
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it  may  be  even  more  difficult  to  derive  simple 
guidelines  for  the  safe  welding  of  the  newer 
thermomechanically  processed  and  accelerated 
cooled  steels.  It  is  clear  that  developing  a 
comprehensive  quantitative  understanding  of  the 
weldability  of  these  types  of  steels  will  be  an 
ongoing  problem  for  some  time  to  come. 

TOUGHNESS  -  CONTROL  OF  THE  HAZ 
MICROSTRUCTURE  -  Carbon  content  and  cooling  rate 
-  The  overall  toughness  of  the  HAZ  is  dependent 
on  the  relative  yield  strengths  and 
microstructure  of  the  different  regions  in  the 
zone  and  by  their  spatial  relationship  to  one 
another.  In  a  multipass  weld,  which  may  also  be 
subject  to  post  weld  heat  treatment,  the 
complexities  of  HAZ  microstructure  [47,65]  are 
Immediately  apparent  (Figure  6).  One  area  which 
is  often  dominant  in  controlling  toughness  is  the 
unrefined  course  grained  region  immediately 
adjacent  to  the  fusion 

boundary[ 16 , 18 , 19 , 37 , 66 ,67 ] .  The  microstructure 
in  this  region  is  primarily  dependent  on  the 
chemistry,  steel  cleanness,  austenite  grain  size 
and  cooling  rate  through  the  transformation 
range;  the  first  two  parameters  are  fixed  by  the 
plate  manufacturing  route,  and  the  last  two  are 
largely  dependent  on  the  weld  thermal  cycle. 
Within  the  range  of  welding  processes  and 
procedures  used  in  offshore  construction, 
austenite  grain  sizes  can  vary  from  ~30|im  to 
~200iim  (0.001  to  0.008  in);  this  effect  can  be  of 
considerable  importance  in  controlling  the 
development  of  the  rest  of  the  microstructure  and 
its  resultant  toughness. 

The  microstructural  constituents  of  the 
coarse  grained  HAZs  in  C-Mn  steels  range  from 
polygonal  and  Widmanstatten  ferrites  at  the 
slowest  cooling  rates  In  high  heat  input  welds, 
though  coarse  upper  bainlte,  lower  balnlte,  lower 
balnlte  and  auto-tempered  martensite  to 
untempered  martensite  at  the  fastest  cooling 
rates  in  low  heat  input  welds[60]  (Figure  7).  It 
is  clear  that  in  addition  to  chemical  composition 
the  transformation  temperature,  and  hence  the 
cooling  rate  through  the  critical  800-400''C 
temperature  range.  Is  of  major  importance  in 
determining  the  HAZ  microstructure  and 
toughness . 

The  combined  Influence  of  chemical 
composition  and  transformation  temperature  on  HAZ 
microstructure  and  toughness  is  Illustrated  in 
Figure  8.  The  pair  of  diagrams  should  be 
considered  as  schematic  rather  than  quantitative, 
although  they  have  been  extensively  basu'  on 
results  obtained  by  Rothwell  and  Bonomo[6b]  and 
Bufalinl  et  al[69]  over  a  decade  ago  and  still 
earlier  by  Pickering  and  Clark[70].  In  Figure  8a 
lines  have  been  constructed  corresponding  to  the 
mean  transformation  temperature  below  which  a 
marked  Improvement  In  Impact  transition 
temperature  was  observed[ 68 ] ,  the  mean 
temperature  of  transition  from  upper  to  lower 
balnlte  and  the  martensite  start  (Ms) 
temperature[69,70] ,  each  determined  from 


dilatometric  and  microstructural  studies  on  a 
range  of  steels  with  different  carbon  contents. 

A  final  line  corresponds  to  the  transformation 
temperature  below  which  Bufalinl  et  al[69]  began 
to  observe  toughness  deterioration.  These  lines 
delineate  zones  of  carbon  content  and 
transformation  temperature  within  which  each  of 
the  microstructural  constituents  predominates, 
and  where  major  changes  in  toughness  behaviour 
occur. 

Figure  8b  schematically  shows  sections 
through  Figure  8a  at  three  carbon  contents  to 
Illustrate  more  clearly  the  corresponding 
relationship  between  transformation  temperature 
and  toughness.  Considering  first  the  high 
carbon  (0.21%)  situation,  good  toughness  cannot 
really  be  obtained  at  slow  cooling  rates  which 
result  in  transformation  above  about  500°C,  when 
the  coarse  grained  HAZ  microstructure  is 
dominated  by  upper  bainite,  coarse  side  plates 
and  occasionally  polygonal  ferrite.  At  faster 
cooling  rates  a  gradual  transition  to  lower 
bainite  takes  place.  Unfortunately  lower 
bainite  is  usually  of  even  poorer  toughness  in 
high  carbon  systems,  and  not  until  the 
transformation  temperature  is  depressed  below 
~420°C,  the  Ms  temperature,  does  toughness  begin 
to  Improve.  However  at  this  carbon  content  the 
improvement  is  unlikely  to  be  significant  in  the 
context  of  the  toughness  levels  necessary  in 
modern  offshore  steels. 

In  the  low  carbon  (0.07%)  steels  the 
situation  is  quite  different.  At  transformation 
temperatures  above  about  530°C  the  coarse 
grained  HAZ  microstructure  is  dominated  by 
polygonal  and  side  plate  ferrite,  with 
decreasing  amounts  of  upper  bainite  as  the 
temperature  decreases  and  approaches  Ms  which, 
at  this  carbon  level,  is  approximately  480°C. 

The  optimum  toughness  is  achieved  with 
transformation  temperatures  below  Ms,  probably 
in  the  range  400-460°C,  the  predominant 
microstructural  constituent  then  being 
auto-tempered  martensite.  Thus  with  low  carbon 
systems  good  toughness  can  be  achieved  over  a 
wide  range  of  transformation  temperatures, 
although  it  may  be  necessary  to  add  reasonable 
quantities  of  manganese  and  other  microalloying 
elements  (nickel,  copper  and  niobium)  to  ensure 
that  sufficiently  low  transformation 
temperatures  are  achieved  during  welding. 

Perhaps  the  most  interesting  sequence  of 
behaviour  is  that  at  the  intermediate  carbon 
level  (0.14%).  Above  approximately  460°C  the 
coarse  grained  HAZ  is  dominated  by  upper 
bainite;  below  that  temperature  lower  bainite 
begins  to  form,  possibly  also  mixed  with 
Type  III  (0hmorl[7l]  classification)  balnlte. 
These  are  considerably  tougher  than  upper 
balnlte  at  this  carbon  level,  and  toughness 
Improves  dramatically.  Below  the  Ms  temperature 
of  430°C,  auto-tempered  martensite  is  observed 
in  combination  with  a  lower  balnlte  and 
toughness  continues  to  Improve.  However  below 
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about  410°C  the  opportunity  for  auto-tempering 
is  reduced  and  hard,  untempered  martensite  is 
considerably  less  tough.  Hence,  while  extremely 
good  toughness  is  possible  in  steels  with 
intermediate  carbon  levels,  it  can  only  by 
achieved  over  a  narrow  transformation 
temperature  range,  which  can  severely  restrict 
the  useful  heat  input  range  during  welding. 

Microalloying  Elements  -  Having  described 
the  effects  of  carbon  content  on  HAZ 
microstructure  and  toughness,  it  is  now 
appropriate  to  examine  the  specific  roles  of  the 
microalloying  elements.  Carbide  and  nitride 
forming  elements  such  as  niobium,  vanadium  and 
titanium  can  have  a  variety  of  Influences  on  HAZ 
microstructure,  depending  on  the  plate 
composition  and  weld  thermal  cycle  under 
consideration.  Although  the  effects  of  these 
elements  on  HAZ  microstructure  are  qualitatively 
similar,  their  differing  solubilities  as 
carbide,  carbo-nitride  or  nitride  result  in  some 
important  differences.  Niobium  and  titanium 
carbo-nitride  precipitates  can  both  exert  a 
significant  restraint  on  austenite  grain  growth, 
particularly  in  low  heat  input  welds,  although 
the  available  nitrogen  level  may  be  more 
important  than  carbon  content  in  determining  the 
alloy  carbo-nitride  solubility,  and  the 
available  nitrogen  is  in  turn  linked  to  the 
aluminium/nitrogen  ratio.  The  amount  of  alloy 
carbide  taken  into  solution  in  the  austenite 
will  determine  the  extent  to  which  intragranular 
precipitation  will  occur  during  cooling,  and  the 
size  and  distribution  of  these  precipitates  will 
be  Influenced  by  the  cooling  rate  and 
transformation  product.  Alternatively,  the 
alloy  elements  may  remain  in  solution. 

Increasing  the  hardenablllty  and  lowering  the 
transformation  temperature;  titanium  in 
particular  is  known  to  significantly  modify  the 
coarseness  of  intragranular  ferrite 
sideplates[26,36,41,58] . 

While  niobium  has  been  widely  used  for  many 
years  to  achieve  Improved  grain  refinement,  the 
use  of  titanium  has  been  comparatively  recent. 

It  appears  that  close  control  of  the  ingot 
cooling  rate  and  the  slab  reheating/cooling 
cycle  are  necessary[ 26 ,47 j  in  order  to  obtain  a 
uniform  dispersion  of  sufficiently  fine  titanium 
carbo-nitride  particles  for  effective  grain 
boundary  pinning.  Fine  dispersions  of  titanium 
oxides  can  also  be  used  to  pin  austenite  grain 
boundaries  in  the  HAZ;  in  some  recently 
developed  steels  a  fine  dispersion  of  oxides  has 
been  usedr36,43]  to  pin  the  austenite  grain  size 
and  to  promote  the  Initiation  of  Intragranular 
ferrite  plates,  giving  rise  both  to  good 
toughness  and  to  good  HAZ  hydrogen  cracking 
resistance . 

The  complexities  of  the  interactions 
between  alloy  elements,  aluminium  and  nitrogen 
In  determining  HAZ  grain  size  is  Illustrated  by 
the  results  of  some  recently  reported  work 
conducted  at  British  Gas( 37  |  .  When  a  series  of 


offshore  steels  was  subjected  to  weld  thermal 
simulation,  higher  niobium  levels  led  to  a 
smaller  prior  austenite  grain  size,  as  expected 
(Figure  9).  There  was  also  an  indication  from 
these  results  that  higher  aluminium/nitrogen 
ratios,  at  low  niobium  levels,  were  associated 
with  larger  grain  sizes,  suggesting  that  in  such 
steels  it  may  become  necessary  to  specify  an 
upper  limit  to  aluminium/nitrogen  ratio  as  well 
as  a  lower  limit.  More  obviously  however,  the 
addition  of  0.026%  titanium  resulted  in  a 
significant  decrease  in  grain  size,  compared 
with  the  trend  shown  by  the  rest  of  the  group  of 
steels  studied. 

These  comments  serve  to  indicate  the 
complexity  of  grain  size  and  microstructure 
control  through  the  use  of  microalloying 
additions,  especially  when  several  elements  are 
used  in  conjunction.  They  also  highlight  the 
importance  of  close  understanding  between  the 
steelmaker  and  the  welding  metallurgist,  so 
that  the  steel  composition  can  be  tailored  to 
suit  the  expected  range  of  weld  thermal  cycles 
during  fabrication.  Unlike  poor  weldability, 
which  can  be  overcome  by  use  of  low  hydrogen 
electrodes  or  high  preheat  temperatures,  low 
toughness  cannot  be  ameliorated. 

TOUGHNESS  -  THE  PROPERTIES  AND 
SIGNIFICANCE  OF  LOCAL  BRITTLE  ZONES  -  One 
consequence  of  the  strong  influence  of 
microstructure  is  that  there  are  zones  of 
different  toughness  in  every  multipass  weld. 

The  dominance  of  grain  size  in  determining 
toughness  was  indicated  in  the  previous 
sections;  hence  it  is  not  unexpected  that  -ones 
of  low  toughness  (LBZs)  correspond  to  the  zones 
of  unrefined  coarse  grained  HAZ  adjacent  to  the 
fusion  line. 

Heat  treatment  of  the  deposited  weld  beads 
and  HAZ  by  the  subsequent  weld  thermal  cycles 
can  also  have  a  significant  influence  on  HAZ 
microstructure  and  toughness.  The 
Intercri t ically  reheated  region  (that  part  of 
the  parent  metal  or  the  preceding  weld  HAZ 
which  is  subjected  to  a  thermal  cycle  peaking 
between  ~700  and  "900°C)  is  known  to  be  an  area 
of  possible  poor  toughness,  particularly  if  the 
chemical  composition  is  such  that  the  partial 
transformation  results  in  islands  of 
carbon-rich  austenite  that  can  re-transform  to 
high  carbon  twinned  martensite  on 
cooling[72 ,73  ] ,  similar  to  those  found 
previously  in  submerged  arc  weld  metair74]. 

The  islands  of  brittle  martensite,  surrounded 
by  local  areas  of  high  transformation  stress, 
can  significantly  reduce  the  toughness  of  the 
material  (Figure  10). 

Where  HAZ  CTOD  requirements  are 
Incorporated  In  a  steel  purchase  specification 
or  a  fabrication  weld  quail f Icatl  mi  procedure, 
they  usually  call  for  sets  of  three  specimens 
to  be  tested  at  0°C  (for  subse.i  sor''lcel  or 
-10°C  (for  topside  service,  In  the  UK  Nortli 
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Sea) .  Test  results  are  all  expected  to  exceed 
typically  0.25  mm  (0.01  in),  the  actual  value 
depending  on  the  details  of  the  design. 

The  observations  of  low  toughness  in  CTOD 
specimens  which  sample  the  coarse  grained  heat 
affected  zone  are  not  new[l6].  However,  it 
appears  that  the  frequency  with  which 
occasional  low  toughness  values  were  obtained 
increased  significantly  in  the  early  1980's. 
Three  factors  may  have  been  responsible  for 
this;  a  reduction  in  toughness  of  the  steels 
being  tested,  the  increased  use  of  CTOD  testing 
on  a  routine  basis,  or  changes  in  the  CTOD 
testing  procedure. 

Detailed  re-examination  of  the  test  results 
from  a  large  number  of  sources  indicates  that 
there  is  no  evidence  that  the  newer  steels, 
which  generally  contain  less  carbon,  sulphur 
and  niobium,  are  inherently  less  tough  than 
their  earlier  counterparts.  It  is  certainly 
true  that  there  is  an  increased  awareness  of 
low  toughness  values  resulting  from  increased 
use  of  CTOD  testing  on  a  routine  basis. 

However,  the  most  significant  factor  appears  to 
be  the  increased  use  of  asymmetric  V  or  K  weld 
preparations  with  reduced  overlap  of  subsequent 
weld  thermal  cycles  and  increased  proportions 
of  unrefined  HAZ  microstructure  resulting  in  a 
higher  proportion  of  tests  which  accurately 
sample  the  coarse  grained  region. 

The  problem  for  the  steel  user  is  how  to 
handle  the  low  CTOD  values,  some  of  which  have 
been  less  than  0.05  mm  (0.002  in).  In  an 
attempt  to  answer  the  question  experimentally, 
the  relationship  between  CTOD  test  results  and 
large  scale  wide  plate  test  results  has  been 
examined  in  several  studlesf 7 2 ,75-78 ] . 

The  results  of  such  a  study  have  been 
published  recentlyf 75] .  A  steel  which  was 
known  to  give  rise  to  low  CTOD  values,  despite 
being  acceptable  when  tested  using  Charpy 
specimens,  was  subjected  to  a  series  of  wide 
plate  tests  at  -10°C.  For  both  CTOD  and  wide 
plate  tests  the  welding  procedure  was 
deliberately  adjusted  to  give  large  regions  of 
coarse  grained  HAZ,  corresponding  to  10-30%  of 
the  weld  interface.  In  total,  some  20%  of  the 
CTOD  test  results  were  below  0.1  mm  (0.004  in) 
and  10  of  the  20  wide  plate  tests  fractured 
(Table  1).  In  this  material  low  CTOD  values 
occurred  when  the  pre-crack  sampled  coarse 
grained  material  with  grain  size  above  ~80  pm 
(0.003  in),  and  low  strain  (<0.5%)  fractures  in 
the  wide  plate  tests  occurred  when  the 
pre-cracks  intercepted  this  coarse  grained 
micr'  jtructure  in  continuous  lengths  exceeding 
30  mm  (1.2  in,  20%  of  the  crack  length). 

However,  even  in  the  lowest  fracture  strain 
specimen,  in  which  the  pre-crack  intercepted  an 
80  mm  (3  in)  length  of  coarse  grained 
microstructure,  the  failure  stress  was 
340  N/mm^  (49.3  ksi),  equivalent  to  more  than 
95%  of  the  yield  strength  of  the  parent  plate. 


Other  recently  completed  studiesf 76-88 ] 
are  also  helping  to  build  up  a  general  picture 
of  the  significance  of  LBZ  size  and  shape  on 
toughness  measured  in  different  types  of  test 
specimen.  The  bending  stress  and  high  degree 
of  constraint  ensure  that  the  CTOD  test  is 
sensitive  to  the  presence  of  LBZs,  particularly 
if  the  zone  is  more  than  5  mm  (0.2  in)  long 
(Figure  11)  and  is  intersected  by  more  than  ~10% 
of  the  precrack  length.  With  surface  notched 
CTOD  specimens  the  probability  of  this  occurring 
may  be  reduced,  and  in  shallow  notched  CTOD 
specimens  the  reduced  constraint  often  results 
in  higher  measured  toughness;  this  is  even  more 
evident  in  tensile- loaded  wide  plate  specimens. 
In  Charpy  tests  the  blunt  notch  tends  to  result 
in  an  averaged  energy  value  over  a  range  of 
microstructures;  this  energy  may  not  be 
significantly  reduced  by  the  presence  of  a 
brittle  zone  unless  it  is  particularly 
large. 

Although  in  many  respects  the  test  results 
are  beginning  to  provide  some  answers,  it  is 
still  not  easy  to  relate  them  to  the  behaviour 
of  an  offshore  structure,  and  they  do  not  yet 
provide  a  satisfactory  basis  for  acceptance  or 
rejection  of  a  steel  plate  product  or  weld 
fabrication  procedure  which  demonstates 
occasional  low  CTOD  values.  Indeed  they  suggest 
that  occasional  low  values  will  always  be 
observed  in  some  steels,  provided  that  enough 
tests  are  conducted.  It  may  eventually  be 
possible  to  assess  the  significance  of  the 
results  on  a  probabilistic  basis[79],  but  while 
it  is  easy  to  advance  qualitative  arguments  and 
the  absence  of  service  failures  is  reassuring, 
the  derivation  of  a  quantitative  probabilistic 
design  analysis  appears  very  difficult. 
Meanwhile,  the  whole  subject  of  LBZ  significance 
is  an  important  ongoing  international  research 
activity. 

In  the  absence  of  clear  guidelines  on  how 
to  assess  the  significance  of  the  low  CTOD 
values  which  result  from  LBZs,  the  steelmaker 
and  user  are  forced  to  concentrate  on 
completely  eliminating  their  occurrence.  While 
much  of  the  steelmaker's  effort  has  rightly 
been  directed  towards  grain  refinement  of  the 
coarse  grained  HAZ  for  the  relevant  range  of 
welding  conditions,  it  is  important  to  remember 
that  grain  size  is  not  the  only  determinant  of 
toughness.  The  results  of  some  work  completed 
recentlyr89l  serve  to  illustrate  the  importance 
of  intragranular  microstructure  as  well  as 
grain  size,  retailed  mlcrostructural 
examinations  and  CTOD  tests  at  -10°C  were 
carried  out  on  two  low  carbon  (~0.10%)  steels. 
The  first,  which  contained  0.045%  Nb ,  gave  CTOD 
values  below  0.05  mm  (0.002  in)  when  the 
fatigue  crack  sampled  the  region  adjacent  to 
the  fusion  line;  the  coarse  grained 
microstructure  consisted  largely  of  coarse 
upper  balnlte.  The  second  steel,  which 
contained  less  than  0.02%  Nb  but  included 
0.013%  Ti,  also  contained  areas  of  coarse 
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grains  with  an  upper  balnite  microscructure , 
but  no  CTOD  values  below  0.27  mm  (0.01  in)  were 
obtained.  It  appeared  that  the  changed  balance 
of  niobium  and  titanium,  in  conjunction  with 
the  particular  carbon,  nitrogen  and  aluminium 
levels  in  the  steel  in  question,  modified  the 
form  of  the  upper  bainite  to  reduce  the 
inherent  cleavage  fracture  resistance,  without 
significantly  changing  the  grain  size. 

These  and  other  similar  results  indicate 
that  coarse  grains  are  not  always  detrimental 
to  toughness,  but  that  the  microstructure 
within  the  grains  is  of  major  Importance.  They 
also  reinforce  the  argument  that  very  close 
cooperation  between  the  steel  supplier  and  user 
is  needed  in  order  to  achieve  the  desired  weld 
properties  during  fabrication. 

OVERVIEW  AND  CONCLUDING  REMARKS 

The  history  of  structural  steel 
development  during  the  last  two  decades  can  be 
linked  to  one  central  theme;  the  requirement  to 
produce  improved  combinations  of  strength, 
toughness  and  weldability  in  large  tonnages  at 
an  economic  price.  It  is  interesting  to  note 
how  the  different  strands  of  development 
Illustrated  in  the  preceding  sections  contribute 
to  the  overall  goal. 

Developments  in  steelmaking  and  plate 
processing  technology  have  clearly  been  devoted 
towards  making  more  efficient  use  of 
microalloying  elements  and  hence  reducing  the 
carbon  equivalent  without  loss  of  strength;  this 
has  been  particularly  evident  in  the  general 
reduction  of  carbon  and  niobium  levels. 
Considerable  improvements  have  also  occurred  in 
steel  cleanness  and  segregation.  While 
developments  in  the  steelmaking  technology  of 
the  normalised  product  have  probably  now 
reached  the  stage  where  little  further 
Improvement  in  useful  properties  can  be 
achieved,  thermomechanical  processing  techniques 
offer  the  immediate  benefit  of  a  significant 
reduction  in  carbon  equivalent  without  loss  of 
strength.  Thermomechanlcally  processed  plate 
steels  are  still  somewhat  In  their  infancy,  but 
their  potential  is  clearly  evident. 

The  trend  towards  lower  carbon  contents  has 
provided  greater  freedom  to  avoid  weldability 
problems,  but  at  the  expense  of  a  change  in  the 
balance  between  carbon-dependent  and 
mlcroalloy-dependent  hardening  processes,  such 
that  the  original  relationships  between 
weldability  and  carbon  equivalent,  embodied  in 
standards  such  as  BS  1133,  are  no  longer 
universally  accurate  for  materials  with  low 
carbon  equivalent.  Further  understanding  of 
this  subject,  particularly  for  the  newer 
thermomechanlcally  processed  and  high  strength 
..teels,  is  clearly  important. 

The  dominant  effect  of  prior  austenite 
grain  size  in  controlling  coarse  grained  HAZ 


toughness  is  evidently  important,  and  continued 
moves  towards  Improved  grain  size  control  over  a 
wider  range  of  welding  conditions  are  enabling 
the  development  of  more  tolerant  steels.  Grain 
size  is  not  necessarily  a  primary  Influence,  but 
frequently  has  an  indirect  Influence  through 
control  of  the  transformation  temperature  and 
the  Intragranular  microstructure.  The  Influence 
of  titanium,  the  most  recent  of  the 
carbide/nitride  formers  to  be  exploited  in 
structural  steels,  is  most  interesting  in  this 
respect.  In  addition,  Che  use  of  titanium  oxide 
dispersions  to  control  both  grain  size  and 
intragranular  ferrite  nucleatlon  is  a 
significant  indicator  of  possible  future 
developments.  One  message  is  clear,  however; 
there  are  no  simple  answers  regarding  the 
Influence  of  particular  elements  on  grain  size 
or  toughness,  and  there  are  many  apparently 
conflicting  statements  in  the  literature. 

The  significance  of  coarse  grained  areas  in 
the  HAZ  of  a  multipass  weld  is  also  an  area  of 
ongoing  concern.  As  indicated  above,  coarse 
grains  may  or  may  not  have  poor  toughness 
per  se;  but  even  if  they  do  have  poor  toughness, 
the  significance  of  a  local  region  of  poor 
toughness  in  terms  of  structural  integrity  is 
far  from  clear.  The  results  of  wide  plate  tests 
are  beginning  to  suggest  that  in  some  situations 
low  CTOD  values  do  not  imply  inadequate 
structural  integrity,  but  changes  in  the  CTOD 
test  procedures  have  Increased  the  probability 
that  occasional  low  CTOD  values  will  be 
obtained,  and  the  problems  of  how  to  handle  them 
at  the  design  and  weld  procedure  qualification 
stages  have  not  been  resolved.  Experience 
qualitatively  supports  the  argument  that  rhe 
problem  is  a  very  rare  one  in  service,  but 
quantitative  probabilistic  analyses  are  still  in 
their  Infancy.  An  improvement  in  the  present 
level  of  understanding  of  this  problem  is 
clearly  necessary. 

The  comments  above  should  not  be  taken  to 
Imply  that  the  user's  requirements  of  strength, 
toughness  and  weldability  cannot  be  achieved  by 
the  steelmaker.  Clearly  many  thousands  of 
tonnes  of  satisfactory  steel  have  been 
manufactured  during  the  last  two  decades  and  the 
service  experience  has  largely  been  exemplary. 
Nevertheless,  there  is  still  scope  for 
improvement  so  as  to  facilitate  economies  in 
construction,  and  there  are  Important  needs  for 
steel  structures  to  operate  in  colder,  deeper 
waters  than  hitherto.  Given  the  Improvements 
which  have  taken  place  in  metallurgical, 
processing  and  fabrication  technology  during  the 
last  two  decades,  it  is  not  unreasonable  to 
expect  that  the  new  challenges  will  be  met  in 
the  decades  to  come. 
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Figure  8  Influence  of  carbon  content  and 

transformation  temperature  on  HAZ 
microstructure  and  toughness. 
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Figure  9  Effect  of  titanium,  niobium  and 

nitrogen  on  prior  austenite  grain  size 
(from  Kirkwood  [37]). 
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Figure  11  Effect  of  LBZ  length  on  toughness  (from 
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188 


I 


FACTORS  INFLUENCING  FRACTURE 
TOUGHNESS  OF  STEEL  WELD 
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ABSTRACT 

This  paper  reviews  Canadian  research  on  the 
fabi'ication  of  structures  which  operate  in  low- 
terrperature,  Arctic  environments.  The  main 
ertphasis  is  on  the  metallurgical  factors  con¬ 
trolling  HAZ  and  multipass  weld  metal  fracture 
toughness . 


The  integrity  of  steel  welded  structures  can  be 
preserved  by  proper  design  to  avoid  fracture 
initiation.  As  long  as  conponents  possess  ade¬ 
quate  strength  and  fracture  toughness,  the 
latter  expressed  in  terms  of  or  more  ap¬ 
propriately  as  developed  by  Welding  Institute 
(UK)  craclc  tip  opening  displacement  (CTCO) 
values,  a  pre-existing  flaw  of  subcritical  size 
may  be  tolerated  without  the  risk  of  developing 
an  unstable  fracture  under  operating  levels  of 
stress.  The  risk  of  fracture  developing  in  a 
welded  construction  depends  on  and  will  be 
determined  by  properties  of  the  microstructures 
locally  surrounding  the  tips  of  the  defects. 
The  conditions  for  fracture  initiation  ar°  a 
defect,  a  tensile  stress  normal  to  the  defect 
and  a  susceptible  microstructure  at  the  defect 
tip.  Welding  contributes  to  all  three  factors, 
since  welds  contain  buried  defects,  welding 
introduces  yield  stress  magnitude  tensile  resid¬ 
ual  surcsses  and  the  weldment  toughness  is 
usually  inferior  to  the  t^rent  rteel . 

In  CTOD  testing  there  is  a  transition  in 
toughness  with  tenperature .  This  transition 
tenperature  is  strongly  influenced  by  strain 
rate  and  thic)cness.  High  strain  rates  and 
higher  thiclii'  *— 
ture  values.  Traditional  CVN  tests  with  blunt 
notch  and  arbitrary  strain  rates  cannot  provide 
a  direct  measure  of  fracture  toughness.  Also, 
because  of  thickness  limitations  and  increased 


plastic  strain  levels,  the  LEFM  approach  to  Kjq 
is  also  not  feasible.  Thus,  CTOD  tests  and 
analyses  as  developed  by  TWI  have  been  exten¬ 
sively  used  when  characterising  fracture  tough¬ 
ness. 

Since  there  is  a  CTOD  toughness  transition 
with  tenperature,  the  toughness  requirements  for 
structures  operating  in  Arctic  environments, 
such  as  the  Beaufort  Sea,  are  necessarily  de¬ 
manding  ana  the  specifications  are  more  strin¬ 
gent  than  those  for  less  severe  environments 
such  as  the  North  Sea. 

From  the  fabricator's  point  of  view,  it 
would  be  ideal  to  weld  at  the  highest  heat  input 
possible,  consistent  with  defect-free  welds  (in 
order  to  increase  joint  conpletion  rates) .  How¬ 
ever,  higher  heat  inputs  lead  to  coarse  grain 
formation  adjacent  to  the  fusion  looundary,  and 
precipitation  of  carbonitrides  of  microalloying 
elements  (especially  Mb)  which  adversely  affect 
HAZ  toughness  properties.  Post -weld  heat  treat¬ 
ment  instead  of  inproving  HAZ  toughness,  as 
occurs  in  C-Mn  steels,  can  cause  further  deter¬ 
ioration  through  increased  precipitation  harden¬ 
ing  effects.  As  a  result,  worldwide  steel  dev¬ 
elopment  has  involved  i)  the  use  of  Ti  (to  prom¬ 
ote  TiN  formation  which  restricts  grain  growth 
in  the  HAZ) ,  ii)  the  use  of  lower  carbon  levels 
to  counter  its  known  adverse  effects  on  tough¬ 
ness  and  weldability  properties,  and  iii)  mini¬ 
mal  use  of  microalloying  additions  by  adding  Cu, 
Ni,  B,  etc.  Steels  based  on  Cu-B  additions  have 
been  developed  in  Japan  and  by  Canadian  resear¬ 
chers  (1)  and  those  based  on  V-B  additions  by 
Lukens  steel  in  the  U.S.A. 

The  severe  requirements  of  Canadian  of- 
fshv^re  cu.d  Tlrctir  applications  have  been  satis¬ 
fied  by  the  development  of  high  qualiuy  steels 
vsbich  have  good  weldability,  corrosion  resis¬ 
tance  and  fi-acture  t-onnlLnes<^  p-''p<^>d:ies  fin  both 
parent  and  HAZ  regions) .  Similarly,  cunsider- 
able  research  on  welding  procedure /we Id  metal 
property  requirements  has  been  carried  out  to 
confirm  methods  of  fabricating  structures  cap¬ 
able  of  the  most  onerous  field  applications. 
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This  paper  examines  some  Canadian  research  on 
the  metallurgical  factors  controlling  HAZ  and 
weld  metal  toughness  properties . 

STEELS 

Steel  strength  is  markedly  dependent  on 
carbon  content.  However,  high  carbon  steels 
have  poor  weldability  and  inadequate  fracture 
toughness  properties.  HSLA  steels  were  devel¬ 
oped  with  lower  carbon  contents,  to  meet  the 
onerous  weldability  and  toughness  demands  of 
applications  such  as  linepipe  construction  in 
the  Canadian  Arctic.  The  lower  strength  values 
(due  to  removal  of  carbon)  were  counteracted  by 
additions  of  nickel,  copper  and  so  on. 

These  steels  have  minimum  yield  strengths 
of  300  MN/m^  and  maximum  carbon  equivalent 
values  (CE)  of  0.43.  Thicker  plates  (75  mm 
thick)  are  normalized  and  thinner  sections  are 
produced  by  TI-ICP  (controlled-rolling)  treat¬ 
ments.  Niobium  is  particularly  effective  in 
controlling  austenite  grain  size  during  rolling. 
Both  niobium  and  vanadium  also  irrprove  strength 
due  to  precipitation  hardening.  The  fracture 
toughness  of  these  steels  is  further  improved  by 
having  reduced  sulphur  contents  and/or  sulphide- 
shape  control  processing.  Topical  steels  dev¬ 
eloped  for  Arctic  and  Canadian  offshore  applica¬ 
tions  are  Algoma  LT60,  A710,  BS  4360,  Gr  50  or 
55,  Kawasaki  Macs  EH  36  ACC  and  DQT,  etc. 

The  excellent  toughness  in  these  steels  is 
reduced  somewhat  after  cold  forming  (bending) , 
e.g.,  in  offshore  platforms  the  tubulars  are 
fabricated  by  bending  plates  25-100  mn  thick 
into  cylinders  and  welding  the  longitudinal 
seams.  This  decrease  in  toughness  properties 
does  not  appear  until  more  than  30%  plastic 
strain  occurs  on  the  tension  surfaces  of  the 
tubular  members  (2)  .  The  fracture  toughness  of 
welded  joints  will  consequently  be  affected  by 
strain  ageing,  and  if  the  plate  thickness  ex¬ 
ceeds  38  ttm,  by  the  stress-relieving  treatment 
after  welding. 

HEAT  AFFECTED  ZONE  TOUGHNESS  PROPERTIES 

The  heat  affected  zone  toughness  proper¬ 
ties  in  HSLA  steels  depend  on  the  complex  inter¬ 
play  of  microstructure,  grain  size,  particle 
(carbonitride,  nitride)  dissolution  and  reprec¬ 
ipitation,  and  plate  chemistry.  It  is  well 
known  that  niobium  and  vanadium  carbonitrides 
dissolve  during  the  heating  cycle  of  fusion 
welding,  and  reprecipitate  if  the  cooling  rate 
is  slow  enough  (3,  4,  5)  .  It  follows  that  the 
effect  of  any  microalloying  addition  (such  as 
niobi’Tti)  o.n  IIAZ  toughness  properties  depends 
markedly  ori  the  heat  input  used  (on  the  thermal 
cycle  enabling  particle  cclution,  possuoat; 
leuiecipicdtion  and  subsequent  hardening),  and 
on  the  effect  of  soluble  niobium  on  the  phase 
transformations  occurring  during  cooling  after 
welding.  In  HSLA  steels  alloyed  with  niobium 
only,  the  cooling  time  is  the  dominant  factor 
(6) .  At  short  cooling  times  (6  to  16  seconds 


for  the  800°C/500°C  temperature  range)  niobium 
has  a  joeneficial  influence  on  HAZ  toughness. 
However,  in  higher  heat  input  (slower  cooling 
rate)  welding  situations  niobium  has  a  detri  - 
mental  effect  on  toughness  values. 

The  situation  is  more  conplicated  when 
different  combinations  of  microalloying  elements 
are  present  in  the  steel.  The  effect  of  titan¬ 
ium,  titanium  plus  niobium,  and  titaniu.m  plus 
vanadium  additions  on  tlie  HAZ  toughness  proper¬ 
ties  of  linepipe  steel  were  evaluated  by 
McCutcheon  ('/)  .  Whe.'.  welding  at  2  kj/mm  heat 
input,  niobium  additions  to  titanium  bearing 
steel  decreased  toughness  values  as  a  result  of 
significant  solute  strengthening.  Vanadium  in 
combination  with  titanium  inproved  HAZ  toughness 
values,  and  vanadium  additions  to  a  0.05%  niob¬ 
ium  loearing  steel  produced  a  slight  fall-off  in 
toughness  properties.  Precipitate  dissolution 
and  reprecipitation  during  the  weld  thermal 
cycle  are  also  affected  when  different  combina¬ 
tions  of  mtcroalloying  elements  are  present . 
Suzuki  and  Weatherly  (5)  observed  that  in  steels 
containing  titanium  plus  niobium,  niobium-rich 
precipitates  dissolv'ed  and  titanium-rich  par¬ 
ticles  reprecipitated  later  in  the  heating 
cycle.  This  reprecipitation  effect  explained 
the  finer  HAZ  grain  sizes  in  TiNb-containing 
steels. 

Recent  Japanese  results  have  suggested  a 
relation  between  the  effect  of  any  addition,  say 
niobium,  on  toughness  and  the  primary  agent 
present  in  the  steel  for  grain  size  control  (8) . 
Quite  different  results  were  produced  when  simi¬ 
lar  niobium  contents  were  added  to  plates  con¬ 
taining  TiN  and  Ti203  particles  as  the  grain 
refining  agents.  Niobium  had  a  detrimental 
effect  on  tne  fracture  toughness  of  steel  con¬ 
taining  TiN  particles  (due  to  Nb  microsegre¬ 
gation  around  TiN  precipitates,  increased  har- 
denability  and  suppression  of  acicular  ferrite 
formation) .  However,  there  was  negligible 
influence  of  niobium  additions  on  the  toughness 
of  plate  containing  a  dispersion  of  Ti203  par¬ 
ticles. 

The  Welding  Institute  of  Canada  has  been 
carrying  out  an  extensive  research  program  eval¬ 
uating  the  fracture  toughness  properties  of  HAZ 
regions  in  constiuctional  steels  (9,  10) .  This 
research  program  evaluated  the  influence  of 
different  combinations  of  microalloying  elements 
(Nb,  V,  Ti)  on  the  fracture  toughness  of  the 
coarse  grained  HAZ  region  of  single  pass  de¬ 
posits  (see  Table  1  for  the  plate  chemistries 
used)  .  When  welding  at  a  range  of  heat  inputs 
(3  kJ/mra  to  6  kJ/mm)  HAZ  toughness  results 
indicated  that: 


F*‘ccl  microail.^,*;  i  witn  titanium  oniy 
(0.014%;  produced  the  highest  toughness 
values  at  all  heat  input  levels. 

2)  the  poorest  HAZ  toughness  values  were  ex¬ 
hibited  by  steel  containing  a  combination 
of  0.027%  Nb,  0.082%V  and  0.016%Ti  (at  all 
heat  input  levels) . 
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TABLE  1 


Code 

C 

Mn 

Si 

V 

Nb 

Ti 

A1 

N 

P 

S 

0 

50 

.11 

1.33 

.26 

.082 

.027 

.016 

.058 

.010 

.004 

.005 

.057 

51 

.12 

1.36 

.28 

.080 

<•005 

.014 

.049 

.008 

.003 

.005 

.060 

52 

.11 

1.35 

.27 

<.003 

.026 

.015 

.054 

.009 

.004 

.005 

.067 

53 

.11 

1.35 

.26 

<.003 

<•005 

.014 

.055 

.009 

.004 

•  < 

55 

.11 

1.34 

.56 

<■003 

<.005 

.014 

.049 

.009 

.004 

.006 

- 

56 

.077 

1.44 

.56 

<.003 

<.005 

.015 

.050 

.009 

.004 

.006 

- 

58 

.13 

1.41 

.29 

.093 

<•005 

<.002 

.053 

.008 

.004 

.004 

.068 

59 

.13 

1.52 

.29 

<.003 

.029 

<.002 

.052 

.009 

.004 

.004 

.065 

3)  increasing  silicon  content  (frcm  0.26%  to 
0.56%),  and  decreasing  carbon  content 
(from  0.11%  to  0.077%)  in  HSLA  steel 
microalloyed  with  titanium  alone  inpaired 
HAZ  toughness  properties. 

4)  increasing  heat  input  from  3  kJ/mm  to  6 
jcJ/mm  had  a  particularly  detrimental 
effect  on  the  HAZ  toughness  of  steel 
containing  0.08%V  and  0.015%Ti.  This 
occurred  due  to  replacement  of  the  acicu- 
lar  ferrite-like  microstructure  by  coarse, 
equiaxed  ferrite. 

5)  steel  containing  0.093%V  alone  had  excel¬ 
lent  toughness  when  welded  at  6  kj/mm. 
However,  when  welded  at  3  kJ/mm  HAZ  tough¬ 
ness  properties  were  inpaired  since  higher 
hardness  values  counteracted  the  benefi¬ 
cial  influence  of  the  acicular  ferrite¬ 
like  microstructure  in  the  HAZ. 

6)  The  combination  of  titanium  plus  niobium 
(0.012%Ti  0.026%Nb)  produced  much  poorer 
toughness  properties  than  titanium  alone 
(due  to  increased  sideplate  ferrite  forma¬ 
tion,  and  lower  acicular  ferrite  contents 
in  the  HAZ  microstructure) .  These  results 
are  shown  graphically  in  Figures  1  to  3. 

No  relation  between  the  0.1  mm  CTOD  tran¬ 
sition  tenperature  and  grain  boundary  (poly¬ 
gonal)  ferrite  content,  sideplate  ferrite  con¬ 
tent  or  any  combination  of  microstructural 
constituents  was  apparent.  Yamamato  (8)  indi¬ 
cated  that  the  point  of  fracture  initiation 
occurs  when  sideplate  ferrite  cracks  and  there¬ 
fore  any  factor  promoting  decreased  sideplate 
ferrite  content  (such  as  acicular  ferrite  forma¬ 
tion)  inproved  HAZ  toughness  values.  In  our 
work,  the  optimum  HAZ  toughness  values  were 
generally  associated  with  microstructures  con¬ 
taining  an  acicular  ferrite-like  microstructure. 
However,  no  sinple  monotonic  relation  existed 
between  ti,o  v,oiitent  of  the  acicular  ferrite-like 
microstructure  and  CT<X)  fracture  toughness 
properties.  Luo  and  Embury  (11)  have  also 
indicated  that  coarse  ferrite  in  the  HAZ  micro- 


HEAT  input  ,  KJ/mm 


Figure  1.  0.1  rmi  CTOD  transition  tenperature/- 
heat  input  relations  for  Steel  50  (NbVTi),  Steel 
53  (Ti),  Steel  56  (C,  Ti)  and  Steel  59  (Nb)  . 
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MEAT  INPUT  ,  KJ/mm. 

Figure  2.  0.1  mm  CTOD  transition  tenperature/- 

heat  input  relations  for  Steel  51  (VTi)  and 
Steel  52  (NbTi) . 


MEAT  INPUT  ,  KJ/mm. 

Figure  3.  0.1  mm  CTOD  transition  tenperature/ 

heat  input  relations  for  Steel  55  (Si ,  Ti)  and 
Steel  58  (V) . 


structure  acts  as  a  nucleus  for  cleavage  frac¬ 
ture,  and  that  higher  contents  of  coarse  ferrite 
lower  the  cleavage  fracture  stress.  In  their 
work  the  coarse  ferrite  content  was  evaluated  by 
point  counting  and  surrmating  the  contents  of 
grain  boundary  ferrite,  ferrite  sideplates  and 
intergranular  polygonal  ferrite.  Since  yield 
stress  decreased  more  rapidly  than  cleavage 
fracture  stress  (as  coarse  ferrite  content 
increased)  the  transition  terrperature  was  lower 
at  high  coarse  ferrite  contents.  This  explained 
the  lower  transition  temperatures  they  observed 
in  the  welds  deposited  at  10  kJ/mm  c.f.  2  kJ/mm. 

It  is  apparent  that  the  interplay  between 
HAZ  microstructure  and  toughness  properties  is 
extremely  corplex  and  that  the  fracture  tough¬ 
ness  depends  on  the  combined  effects  of  both 
coarse  ferrite  and  acicular  ferrite-like  con¬ 
stituents. 

The  research  described  above  etrphasized 
the  factors  controlling  the  toughness  of  the 
coarse  grained  HAZ  region  in  single  pass  welds. 
However,  other  regions  in  the  HAZ  of  multipass 
welds  are  equally  inportant,  viz.,  the  subcriti- 
cal  and  intercritically  reheated  regions  in  the 
HAZ  microstructure.  This  problem  area  has  been 
evaluated  in  detail  in  recent  work  by  Thaulow  et 
al  (12),  and  consequently  will  not  be  dealt  with 
in  the  present  paper. 


WELD  METAL  TOUGHNESS  PROPERTIES 

Weld  metal  microstructure  (acicular  fer¬ 
rite  content)  has  a  controlling  influence  on  the 
fracture  toughness  properties  of  HSLA  deposits. 
Knott  et  al  (13)  have  shown  that  the  cleavage 
crack  path  preferentially  follows  grain  iooundary 
ferrite  regions  and  acicular  ferrite  acts  as  a 
barrier  to  crack  propagation.  It  is  generally 
agreed  that  intergrannular  acicular  ferrite  is 
nucleated  by  weld  metal  oxide  inclusions,  and 
the  inclusion  content  is  dependent  on  the  oxygen 
potential  of  the  flux,  electrode  coating  or  gas 
shielding  system  employed.  However,  the  ideal 
inclusion  composition (s) ,  and  particle  size  or 
particle  distributions  promoting  acicular  fer¬ 
rite  formation  are  still  a  subject  of  debate. 
This  is  to  loe  expected  considering  the  multi- 
variable  nature  of  the  deposit  microstructure/- 
inclusion/  toughness  relationship.  For  example, 
it  is  difficult  to  vary  deposit  oxygen  content 
without  changing  weld  metal  composition,  in¬ 
clusion  chemistry,  size  and  distribution  simul- 
tanecusly . 

In  a  multipass  welding  situation,  the  com¬ 
bined  effects  of  cooling  time  between  800°C  and 
500°C  (dependent  on  heat  input,  joint  thickness, 
preheat  and  interpass  temperature) ,  nurnber  of 
weld  beads  and  welding  position  complicate  the 
situation.  Weld  metal  touglmess  properties 
generally  increase  in  the  order  of  vertical-up, 
overhead,  horizontal  and  flat  positions.  These 
differences  in  toughness  properties  have  been 
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attributed  to  heat  input  variations,  co  dif¬ 
ferent  numbers  of  weld  beads,  the  differing 
proportions  of  refined  and  unrefined  weld  metal, 
and  so  on.  Also,  weld  metal  nitrogen  content 
(particularly  in  shielded-metal-arc  welding) 
increases  as  arc  length  is  increased,  and  chan¬ 
ges  in  welding  position  can  affect  both  arc 
voltage  and  deposit  values.  The  fracture  tough¬ 
ness  properties  of  Ti-B  containing  welding 
consumables  will  be  markedly  reduced  if  nitrogen 
content  is  increased  (the  beneficial  role  of 
boron  in  controlling  the  austenite/ferrite 
transfornation  will  be  prevented) .  Bearing  in 
mind  that  dynamic  strain  ageing  lowers  the 
toughness  properties  of  the  root  region  in 
comparison  to  final  pass  material,  it  is  ap¬ 
parent  that  research  on  the  toughness  properties 
of  multipass  welds  is  an  extremely  complex 
undertaking. 

Bala  et  al  u4)  carried  out  a  detailed 
research  program  aimed  at  evaluating  the  frac¬ 
ture  toughness  properties  of  multipass  welds  in 
20  rm  thick  plate.  A  wide  range  of  proprietary 
flux-cored  welding  consumables  were  used  (5 
rutile  type,  6  basic  type,  4  metal-cored  elect¬ 
rodes  and  1  innershield  electrode) .  All  welds 
were  made  in  the  vertical-up  position,  using  a 
heat  input  of  2  kJ/mm,  75%  Ar  25%  CO2  shielding 
gas,  and  an  interpass  temperature  of  150°C. 
Full-thic)cness  CTOD  fracture  toughness  specimens 
were  cut  with  the  notches  on  the  weld  centre¬ 
line.  For  any  element,  the  wide  range  of  de¬ 
posit  chemistries  produced  were  used  to  relate 
chemistry  and  toughness  properties.  Bearing  in 
mind  the  considerable  limitations  of  this  ap¬ 
proach  (a  monotonic  relation  loetween  the  element 
considered  and  deposit  toughness  properties  is 
assumed)  some  general  comrments  can  be  made: 

1)  the  lowest  0.1  mm  and  0.2  rmm  CTOD  transi¬ 
tion  temperature  values  for  rutile,  basic, 
metal  cored  and  flux-cored  welding  consum¬ 
ables  were, 


0.1  mm 

CTOD 

0.2  mm 
CTOD 

Basic-Cored  Electrodes 
50Oc 

-50OC 

- 

Rutile-Cored  Electrodes 
30°C 

-50OC 

- 

Metal-Cored  Electrodes 

30C 

-25OC 

- 

Innershield  Electrodes 
10°C 

-33OC 

- 

3)  optimum  toughness  values  in  rutile  and 
in  basic-cored  electrode  deposits  were 
produced  when  the  silicon  content  was 
0.4%  (see  Figure  5) .  At  higher  silicon 
contents  the  increased  hardenability 
contribution  was  not  counteracted  by 
any  weld  microstructural  improvement. 

4)  increased  nickel  content  to  2.4%  im¬ 
proved  the  toughness  of  deposits  made 
using  basic-cored  electrodes  (see 
Figure  6)  .  Increasing  nickel  content 
had  little  influence  on  the  toughness 
of  metal-cored  weld  deposits. 

CONCLUSIONS 

This  paper  has  provided  a  limited 
review  of  somie  of  the  research  presently  being 
carried  out  on  Canadian  Offshore  fabrication 
problerms.  Tl.is  work  is  continuing  at  WIC,  and 
throughout  Canada,  in  order  to  imeet  the  tech¬ 
nological  challenges  of  structures  operating  in 
low-temperature  Arctic  environments. 


2)  the  highest  toughness  values  were  prod¬ 

uced  by  weld  metals  having  the  lowest 
carbon  contents  (0.07%),  see  Figure  4. 
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INTRODUCTION 

During  the  last  5  years  SINTEF  has  taken  an 
active  part  in  the  evaluation  of  low  fracture 
toughness  results  from  the  testing  of  HAZ  of 
modern  low-carbon  structural  steels. 

The  new  classes  of  structural  steels  for 
offshore  application  are  characterized  by  a 
reduction  of  sulphur  and  strict  control  with 
chemical  elements  such  as  phosphorus,  niobium 
and  nitrogen.  This  should  primarily  serve  an 
increased  weldability.  However,  during  welding 
procedure  testing  of  the  first  platform  to  be 
built  of  low-carbon  steel  in  Norway,  very  low 
CTOD  values  were  found  in  the  HAZ.  This  was  of 
great  surprise,  since  the  HAZ  toughness  was 
considered  to  be  of  no  problem. 

At  an  early  stage,  during  the  fabrication 
of  the  platform,  SINTEF  was  engaged  by  the 
Norwegian  Petroleum  Directorate  (NPD)  to 
evaluate  the  reasons  and  consequences  of  the 
low  HAZ  fracture  toughness.  Until  now  more  than 
15  low-CL.bon  microalloyed  steels,  delivered 
for  application  in  offshore  structures,  have 
been  tested  in  accordance  with  the  test 
procedures  developed  for  NPD  /I, 2, 3/-  A  summary 
of  the  experience  from  these  tests  is  under 
preparation  /k/.  The  tests  included  weld 
thermal  simulation  and  bead-in-groove  CTOD 
testing.  The  low  fracture  toughness  was 
correlated  with  brittle  zones  in  the  HAZ. 

The  investigations  performed  in  the  NPD 
projects  were  limited,  and  am  industry- 
sponsored  program  was  therefore  initiated  in 
c rder  to  examine  the  HAZ  toughness  and  the 
significance  of  the  low  toughness  in  more 
detail.  The  investigations  included  the  HAZ 
microstructures,  weld  thermal  simulation  Charpy 
toughness,  fracture  toughness  and  crack  arrest 
toughness . 

This  paper  summarizes  the  experience  from 
the  various  examinations  and  compares  the 
"older"  CMn  steels  (with  typically  0.l8  %  C) 
with  new  low-carbon  steels. 


MATERIALS 

Three  low-carbon  microalloyed  and  one  CMn 
steel  have  been  examined  in  the  normalized 
condition.  The  chemical  composition  and 
mechanical  properties  of  the  base  materials  are 
outlined  in  Table  1  and  2.  The  low-carbon 
microalloyed  steels  were  delivered  from  three 
different  steelworks,  and  their  chemical 
compositions  are  rather  similar,  except  for 
different  levels  of  nitrogen  and  impurities. 
Steel  D  is  a  CMn  steel  of  higher  cleanliness 
than  the  traditional  grades:  It  was  included  in 
the  program  as  a  reference  steel. 

WELD  THERMAL  SIMULATION  TESTING 

Experience  in  the  past  has  revealed  that 
it  may  be  difficult  to  hit  the  brittle  zones 
during  CTOD  testing  of  weldments.  The  fatigue 
crack  tip  has  to  be  positioned  close  to  the 
brittle  zones  and  a  certain  fraction  of  the 
crack  tip  has  to  be  affected  by  these  zones 
before  low  CTOD  values  are  recorded.  The 
problem  of  notch  positioning  can  be  avoided  by 
the  use  of  weld  thermal  simulation  testing.  The 
aim  of  these  investigations  was  to  establish 
the  relationships  between  the  HAZ  toughness, 
microstructures  and  the  weld  thermal  cycles  on 
the  basis  of  Charpy  testing  of  simulated  HAZs. 

The  weld  thermal  simulation  testing 
program.  Table  3.  was  designed  to  cover  the 
most  interesting  areas  of  the  HAZ,  Fig.  1. 

The  grain-coarsened  HAZ  toughness  is 
unfavourably  affected  by  an  increase  in  cooling 
time.  Fig.  2.  mainly  because  of  the  formation 
of  grain  boundary  ferrite  and  the  more 
predominant  ferrite  sideplates.  Fig.  3.  The 
impact  properties  reach  a  low  value  when  the 
fraction  of  these  unfavourable  mi crostructures 
exceeds  about  50  vol%.  At  volume  fractions 
below  10  %,  i.e.  as  a  result  of  fast  cooling 
rates,  no  correlation  is  evident.  The  low 
toughness  of  steel  A  at  fast  cooling  rates. 
Fig.  2,  is  explained  on  the  basis  of  phosphorus 
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embrittlement,  and  for  steel  D  on  the  basis  of 
formation  of  high-carbon  lath  martensite. 

A  correlation  has  been  established  between 
the  cooling  rates  and  the  austenite  grain  size 
of  the  grain-coarsened  HAZ,  Fig.  4.  The  effect 
is  most  pronounced  at  slow  cooling  rates  and  is 
probably  due  to  impurity  drag  effects  by 
phosphorus  at  the  grain  boundaries  during  grain 
growth.  Post-weld  heat  treatment  (PWHT)  of  the 
grain-coarsened  HAZ  was  favourable  for  steel  C 
and  D,  Fig.  5-  Concerning  steel  A,  i.e.  the 
steel  with  the  highest  phosphorus  content, 
temper  embrittlement  was,  as  expected,  most 
pronounced  at  the  slowest  cooling  rate.  Steel  B 
appears  to  oe  susceptible  for  PWHT  for  all 
investigated  cooling  rates,  resulting  in 
intergranular  fracture  and  an  increase  in  the 
transition  temperature.  The  potential  harmful 
effect  of  phosphorus  after  PWHT  is  outlined  in 
Fig.  6,  but  there  are  many  unanswered  questions 
with  respect  to  the  detailed  deterioration 
mechanisms . 

It  has  been  suggested  t’  at  small  amounts 
of  free  nitrogen  might  be  critically  important 
to  embrittlement  of  the  grain-coarsened  HAZ 
121 .  The  free  nitrogen  content  was  analysed  in 
a  limited  number  of  specimens,  but  no  direct 
correlation  with  the  toughness  could  be 
established. 

The  deterioration  of  the  grain-coarsened 
HAZ  impact  properties  after  a  second  weld 
thermal  cycle.  Fig.  7.  is  mainly  associated 
with  an  increased  volume  fraction  of  high 
carbon  plate  martensite. 

The  partly  transformed  HAZ  toughness  is 
mainly  determined  by  the  formation  of  high- 
carbon  plate  martensite  islands.  Toughness 
improves  with  increased  cooling  time.  Fig.  8. 
and  after  PWHT,  Fig.  5. 

FRACTURE  MECHANICS  TESTING 

The  aim  of  this  study  was  to  determine  the 
HAZ  fracture  toughness  properties  of  real 
weldments  in  the  four  steels  investigated.  At 
present  there  exists  no  generally  accepted 
standards  for  fracture  mechanics  testing  of 
weldments  75*7/ .  therefore  different  specimen 
geometries  and  notch  depths  have  been  applied 
in  order  to  examine  the  effect  of  surface  vs. 
through-thickness  notching. 

Many  of  our  findings  have  recently  been 
published,  /8/,  and  therefo''e  only  a  brief 
summary  will  be  presented  in  the  present  paper. 

Low  heat  input  (Shielded  Manual  Arc 
Welding  -  SMAW)  and  high  heat  input  (Submerged 
Arc  Welding  -  SAW)  butt  welds  were  prepared 
with  a  K  groove  in  50  mm  thick  plates.  In 
addition,  the  cap  layer  was  simulated  with 
bead- in -groove  CTOD  testing  of  single  weld 
layers . 

Both  the  CTOD  testing  with  a  shallow 
surface  notch  (a/W=0.06)  of  bead- in-groove  and 
butt  weldments  revealed  the  lowest  toughness 
for  the  CMn  steel,  steel  D  in  Fig.  9  and  10. 
The  HAZ  CTOD  values  from  surface  notched 


specimens,  with  a/W=0.3.  were  generally  high. 
The  lowest  value  for  the  SMAW  specimens  was 
0.24  mm  for  steel  A  and,  for  the  SAW  specimens, 
steel  B  with  0.37  mm.  The  CMn  steel  had  a 
toughness  level  at  least  as  high  as  the  low- 
carbon  micro-allcyed  steels.  But  in  the  case  of 
through- thickness  notching,  the  Clui  steel 
showed  the  lowest  values  for  both  SMAW  (0.l4 
mm)  and  SAW  (0.l8  mm). 

From  the  weld  thermal  simulation  testing 
one  should  expect  that  all  four  steels  had 
defined  areas  with  brittle  microstructures,  and 
it  is  therefore  somewhat  surprising  that  only 
the  CMn  steel  showed  some  tendency  to  low  CTOD 
values.  This  behaviour  is  explained  by  the  fact 
that  the  initiation  of  the  brittle  fracture 
depends  upon  both  the  existence  of  a  brittle 
microstructure  and  the  detailed  notch 
positioning.  The  best  control  with  these 
parameters  was  obtained  in  the  CTOD  bead-in¬ 
groove  test,  and  brittle  fracture  initiation 
was  experienced  for  all  four  steels  with  this 
testing  technique.  The  lower  values  for  the  CMn 
steel.  Fig.  9.  can  be  explained  by  the 
simulation  test  results  where  this  steel  is 
most  prone  to  brittleness.  Fig.  7  and  8.  In 
real  weldment  testing,  the  size  and  shape  of 
the  embrittled  areas  will  vary  and  notch 
positioning  will  be  difficult.  The  CMn  steel 
will  have  the  largest  volumes  with  embrittled 
microstructure,  and  therefore  the  highest 
probability  of  revealing  low  fracture 
toughness. 

From  the  weld  thermal  simulation  testing 
it  is  evident  that  only  a  part  of  what  is 
defined  as  grain-coarsened  zone  has  low  Charpy 
energy.  Fig.  8,  and  that  the  extension  of  the 
brittle  volume  will  depend  on  factors  such  as 
steel  quality  and  heat  input/cooling  time.  This 
is  consistent  with  fractographic  observations 
of  the  CTOD  specimens  and  indicates  that  only  a 
narrow  region  of  the  grain-coarsened  zone, 
close  to  the  fusion  line,  will  be  brittle  (in 
addition  to  the  partly  transformed  zone). 
Hence,  careful  notch  positioning,  very  close  to 
the  fusion  line  and  at  a  location  where  the 
brittle  zone  has  a  maximum  width,  gives  the 
optimum  conditions  for  low  CTOD  values.  This 
trend  has  also  been  confirmed  in  another 
investigation.  Fig.  11  /9.10/. 

CRACK  ARREST  TESTING 

The  CTOD  bead- in-groove  tests  in  this 
investigation,  and  previous  projects  /2/,  have 
shown  that  brittle  fracture  can  initiate  in  the 
HAZ  and  propagate  in  a  quite  brittle  manner 
through  the  base  material  of  these  tough  low- 
carbon  raicroalloycd  steels.  Fig.  12.  Hence,  it 
has  been  questioned  if  the  high  CTOD  crack 
initiation  level  has  been  obtained  at  the 
expense  of  a  low  crack  arrest  tougliness.  The 
aim  with  the  present  crack  arrest  testing  was 
to  determine  the  base  material  crack  arrest 
properties  in  accordance  with  the  small  scale 
testing  method  proposed  by  ASTM  /ll/. 
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Experience  from  other  projects  indicated 
that  a  large  number  of  duplicate  specimens 
might  be  necessary  in  order  to  obtain 
satisfactory  results,  hence  the  number  of 
steels  to  be  tested  had  to  be  restricted.  Three 
steels  were  tested,  steel  1  and  8  from  previous 
investigations  /I, 2/,  and  steel  B  from  the 
present  project.  Steel  1  and  B  are  low-carbon 
microolloyed  steels:  Steel  1  with  high 
phosphorus  (0.0215^)  and  niobium  {0.04l%) 
contents  and  steel  B  with  low  phosphorus 
(O.OO7X)  and  niobium  (0.020,*^)  contents.  Steel  8 
is  a  typical  CMn  steel. 

It  was  of  interest  to  test  the  material  in 
both  the  thickness  direction  (normal  to  the 
plate,  as  in  the  CTOD  bead- in-groove  specimens) 
and  in  the  plate  direction  (the  traditional 
test  geometry) ,  hence  two  specimen  geometries 
were  selected.  Fig.  13 .  The  DUP  specimen 
(duplex  specimen  with  a  brittle  start  section 
electron  beam  welded  to  the  test  section)  for 
the  direction  normal  to  the  plate  and  the  MRI. 
specimen  (weld  embrittled  start  zone)  in  the 
plate  direction.  A  total  number  of  60  specimens 
were  prepared,  10  duplicates  for  each 
steel/specimen  geometry. 

The  test  temperature  was  initially  set  at 
-10  C,  but  was  later  reduced  to  -30  C  for  most 
of  the  tests. 

As  expected  a  number  of  difficulties  were 
experienced  when  applying  the  ASTM  standard  on 
the  high  toughness,  moderate  yield  strength 
structural  steels.  The  ASTM  recommendations 
were  originally  developed  for  pressure  vessel 
steels,  and  tlie  test  geometries  and  validity 
requirements  were  specified  on  this  basis. 
These  limitations  will  not  be  discussed  here. 

Valid  plain  strain  crack  arrest  toughness 
was  only  obtained  for  four  specimens.  Table  4. 
Ignoring  the  validity  requirements  specified  in 
/ll/,  the  average  crack  arrest  toughness  for 
the  specimens  with  a  brittle  fracture  arrest  in 
the  test  material  are  presented  in  Table  5.  The 
results  clearly  indicate  that  the  low-carbon 
microalloyed  steels,  steel  1  and  B,  have  better 
crack  arrest  properties  than  the  older  CMn 
steel.  This  is  further  demonstrated  in  Table  6, 
where  the  average  crack  jump  lengths  are  corre¬ 
lated  with  the  average  of  the  stored  energy  at 
crack  initiation.  Steel  B  has  the  highest 
stored  energy  and  the  shortest  crack  jumps, 
indicating  that  this  steel  absorbs  the  most 
energy  during  crack  propagation. 

The  results  are  promising  with  respect  to 
the  future  application  of  the  low-carbon 
steels.  The  applied  testing  technique  should 
now  be  further  developed  in  order  to  increase 
the  number  of  valid  plain  strain  crack  arrest 
toughness  results  to  a  statistically 
satisfactory  level.  The  tests,  so  far,  have 
concentrated  on  the  base  material  toughness, 
but  the  crack  arrest  properties  in  the  HAZ  and 
weld  metal  should  also  be  examined.  In  the  CTOD 
testing  of  steel  A  it  was  often  observed  that 
the  crack  propagation  followed  a  preferred  path 
along  the  fusion  line,  and  similar  evidence  for 


unstable  crack  propagation  along  the  HAZ  has 
recently  also  been  reported  in  wide  plate 
testing  /12/.  The  future  acceptance  criteria  of 
local  brittle  zones  will  probably  include  the 
evaluation  of  the  crack  arrest  properties  of: 
1)  the  material  surrounding  the  brittle 
microstructure  and  2)  as  the  next  barrier  the 
general  crack  arrest  properties  of  the  base 
material  and  the  weldment.  It  has  recently  been 
proposed  that  these  evaluations  can  be  bases 
upon  the  NDT  temperature  from  Fellini  Drop 
Weight  Test  /13/.  but  since  this  test  is  highly 
empirical  and  restricted  to  base  material 
testing  of  plates  with  moderate  thickness,  it 
is  thought  that  further  developmens  of  dynamic 
fracture  mechanics  based  tests  will  be  more 
favourable  /lO/.  The  necessary  developments  are 
now  being  investigated  in  the  research  project 
at  SINTEF  designated  CAOS  (Crack  Arrest 
Offshore  Steel)  /14/. 

COMPARISON  OF  THE  STEELS 

The  weld  thermal  simulation  Charpy 
toughness  of  the  grain-coarsened  zone  was  low 
for  all  steels,  but  the  lowest  values  were 
always  observed  for  the  CMn  steel.  Fig.  l4. 
This  is  in  accordance  with  the  results  from 
previous  tests.  Fig.  I5,  where  the  CMn  steel, 
steel  8,  represents  the  lower-bound  values. 

The  trend  established  in  the  weld  thermal 
simulation  testing  was  in  general  confirmed  by 
the  CTOD  bead-in-groove  testing  and  the  CTOD 
weldment  testing.  The  lowest  CTOD  values  were 
obtained  from  the  CMn  steel.  It  is  remarkable 
that  no  low  HAZ  CTOD  values  were  recorded 
during  the  comprehensive  fracture  toughness 
testing  of  the  CMn  class  of  offshore  steels 
10-15  years  ago.  A  critical  point  in  the 
through- thickness  CTOD  testing  is  the 
positioning  of  the  notch  t.lp  with  respect  to 
the  embrittled  microstructure,  and  since 
brittleness  in  the  weld  metal  was  a  problem, 
restrictions  were  put  upon  the  positioning 
procedure  in  order  not  to  hit  weld  metal.  With 
a  somewhat  curved  fusion  line,  the  result  may 
have  been  that  a  major  part  of  the  fatigue 
crack  tip  is  positioned  in  the  base  material. 

The  base  material  c  ack  arrest  toughness 
of  the  low-carbon  microalloyed  '■teel  with  the 
lowest  phosphorus  and  niobium  content  was 
better  than  a  low-carbon  steel  with  higher 
contents  of  these  elements,  and  substantially 
better  than  the  CMn  steel.  This  might  indicate 
that  steel  B  and  C  have  better  crack  arrest 
properties  than  steel  A.  In  addition,  steel  A 
showed  a  tendency  for  brittle  crack  propagation 
along  the  fusion  line  in  the  through- thickness 
CTOD  tests. 

The  overall  conclusion  is  rather  positive 
and  optimistic  with  respect  to  the  fracture 
toughness  of  the  low-carbon  microalloyed 
steels.  The  new  class  of  steels  has  obviously 
better  fracture  toughness  than  the  CMn  steels, 
but  low  CTOD  values  are  frequently  recorded, 
and  the  significance  of  these  low  values  is 
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questioned.  There  is  a  need  to  explain  why 
there  have  been  no  major  brittle  fracture 
accidents  in  the  offshore  structures  fabricated 
with  CMn  steel  and  to  present  recommendations 
on  how  to  treat  low  HAZ  CTOD  values  in  the 
future.  The  absence  of  accidents  can,  as  a 
first  attempt,  be  explained  nn  the  basis  of  the 
low  probability  of  having  a  fatigue  crack 
positioned  at  a  location  where  the  local 
brittle  zone  has  both  a  maximum  volume  and 
local  constraint  just  at  the  moment  when  high 
stresses  are  experienced  /8,12/.  This  aspect 
should  be  further  explored  on  the  basis  of 
probabilistic  analysis.  Probabilistic  fracture 
mechanics  analysis  cam  now  indicate  where 
fatigue  cracks  will  develop  and  how  they  will 
grow  /15/.  Hence,  it  should  be  possible  to  map 
the  fatigue  crack  tip  with  respect  to  location 
and  crack  tip  stresses.  The  next  step  will  then 
be  to  model  the  HAZ  with  respect  to  the 
parameters  of  significance  for  brittle  fracture 
initiation  (and  arrest),  and  evaluate  them  in 
a  probabilistic  manner.  To  do  this,  a  research 
proposal  "APPLIC.ATION  OF  PROBABILISTIC  FRACTURE 
■MECHANICS  IN  THE  EVALUATION  OF  LOCAL  BRITTLE 
ZONES  IN  OFFSHORE  STRUCTURES"  will  be  presented 
in  the  near  future.  The  aim  will  partly  be  to 
answer  why  there  has  been  no  major  brittle 
fracture  accidents  offshore,  and  partly  to 
propose  a  probabilistic  based  defect  analysis 
procedure. 

With  respect  to  fracture  mechanics 
testing,  there  is  a  need  for  relevant  and 
simple  weldment  testing  procedures  /5.6,7/. 
Recently,  API  has  published  a  recommended 
practice  bases  on  EXXON's  typical  test 
requirements  /16/,  to  be  used  in 
prequalification  tests  of  steels  and  welding 
procedures.  Other  tests,  such  as  the 
combination  of  CTOD  bead-in-groove  and  weld 
simulation  testing,  may  be  effective  in 
identifying  the  brittle  microstructures  and  the 
extent  of  such  brittleness  (only  a  fraction  of 
the  grain-coarsened  HAZ  will  be  brittle)  and 
thereby  rank  the  steels  /3/.  The  tendency  to 
HAZ  brittleness  in  the  low-carbon  steels 
varies.  Fig.  15.  and  steelworks  are  continually 
changing  their  production  procedures  and 
chemical  composition  in  order  to  minimize  the 
HAZ  embrittlement.  The  latest  development  aimed 
to  obtain  high  HAZ  toughness  by  introducing 
titanium  as  a  deoxidation  element.  Such 
developments  can  be  evaluated  by  using  the 
testing  procedures  described  in  reference  73/ 
while  different  welding  procedures  could  be 
based  on  the  procedure  given  in  reference  /16/. 

CONCLUSION 

The  HAZ  toughness  of  three  low-carbon  and 
one  CMn  steel  have  been  examined  and  compared. 
The  examinations  included  the  HAZ 
microstructures,  weld  thermal  Charpy  simulation 
testing,  CTOD  testing  of  bead- in-groove  and 
butt  weldments  and  base  material  crack  arrest 
testing. 


-  The  weld  thermal  simulation  Charpy  toughness 
of  the  grain-coarsed  HAZ  was  low  for  all 
steels,  but  the  lowest  values  were  always 
observed  for  the  CMn  steel. 

-  The  lowest  CTOD  values  in  bead- in-groove  and 
butt  weldment  testing  were  obtained  for  the 
CMn  steel. 

-  The  base  material  crack  arrest  properties  for 
the  low-carbon  steel  with  the  lowest  content 
of  phosphorus  and  niobium  were  better  than 
for  a  low-carbon  steel  with  higher  contents 
of  these  elements,  and  substantially  better 
than  the  CMn  steel. 

-  The  significance  of  th-a  low  HAZ  CTOD  values 
frequently  observed  is  discussed  with 
reference  to  probabilistic  fracture  mechanics 
and  testing  procedures. 
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Table  1  :  Steel  chemical  composition  in  wt.%. 
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Table  2  :  Mechanical  properties 
(certificate  values) . 
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Table  3  ■.  Weld  thermal  simulation  and  heat  treat 
ment  programmes  applied  for  a  detailed 
characterization  of  the  HAZ  impact 
properties . 


Cuul  Ilia 

(taa 

Chaipy  V-riotch  taating  at  -60®C 

ITT 

Single  fvcJe 

Double  eye le 

ilngle  cycle 

PVHT 
for  Ty 
®C 

‘Tp)l 

®C. 

Tp 

S 

600  1350 

1350 

1)50 

1000 

?50 

600  1  lUU 

bOO  -  950 

100  ZOO 

1150 

1000 

Z50 

600 

U 

600  •  1150 

1  350 

1  350 
1000 

7  50 

600  1 100 
600  •  950 

JOO  ZOO 

U50 

luoo 

Z50 

600 

26 

1350 

- 1 

15 

1350 

1000 

zso 

600 

50 

1350 

— 

1)  Corrmapondlnc  to  Roa«nth«l'a  taaparatura  cycla  fur  thick  plataa 

2)  Maai  traatMHt  parforead  ai  100®C ,  <.00®C ,  SOO®C ,  fc00®C  and  JOO*'  lot  \  hour 
))  lapact  tranaldori  taaparatura  (ITT)  for  both  aa  alaulatcd  and  PWHT  at 

for  1  hour 

<*)  Includins  RWHT  at  400®C  for  all  ataala.  and  PWllT  at  600“c  (or  a 


teal  A  on  1 V 


Table  4  :  Plane  strain  crack-arrest  toughness 
values  at  -30°C. 
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Table  5  :  Crack-arrest  toughness  at  different 
temperatures  with  number  of  duplicate 
specimens  (N) . 
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Fig-  1  :  Schematical  illustration  of  the  weld 
thermal  simulation  parameters  related 
to  the  position  in  the  real  weld. 


1)  Total  failure 


Single  cycle 


Td  =  1350  C 


Table  6  :  Average  of  Kq  versus  arrest-length  (ag) 
for  HRL  specimens  at  -30°C  with  number 
of  duplicate  specimens  (N)  . 
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Effects  of  the  grain-boundary  ferrite 
and  ferrite  sideplates  on  the  Charpy 
V-notch  toughness  at  -A0°C. 
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Fig,  5  :  Effects  of  the  cooling  time  (  Atgy5) 
on  the  impact  transition  temperature 
(ITT)  for  KV  -  A5J. 
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Fig.  6  :  Effects  of  the  phosphorus  content  on 
the  Charpy  V-notch  toughness  at  -40°C 
of  the  grain-coarsened  HAZ  with  Tp  - 
1350°C  and  Atg/g  -  5s. 
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7  :  Double  weld  thermal  simulation  ; 
Effects  of  the  peak  temperature  of 
the  second  cycle  on  the  Charpy  V- 
notch  toughness  at  -40°C  for  the 
initial  grain-coarsened  HAZ  (  Tp  - 
1350°C  or  the  first  cycle).  The 
cooling  time  (  Atg  25)  was  5s  and 
12s. 


Double  cycle  :  (T  lOSot  “'8/5*,= 


Single  cycle  ;  ^*8/5  ~ 


Fig.  8  :  Effects  of  the  peak  temperature  (Tp) 
on  the  Charpy  V- notch  toughness  at 
-40°C  for  the  cooling  times  of  5s, 
12s  and  35s. 
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SMAW  Bead  in  groove  weld 


(  b  ) 


SMAW  Bead  in  groove  weld  :  E  =  3.5MJ/m 


(  C  ) 

Fie.  9  :  Bead- in-groove  testing  with  an  elec¬ 
tro  discharged  machined  (EDM)  notch  : 

(a)  The  CTOD  specimen. 

(b)  The  weld  bead  geometry. 

(c)  Cummulative  presentation  of  the 
CTOD  results  expressed  as  per¬ 
centage  of  duplicate  specimens. 
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Fig.  11  :  Evaluation  of  parameters  influencing 
upon  the  initiation  of  brittle  frac¬ 
ture  in  the  grain-coarsened  HAZ  /9 , 
10/  : 

(a)  Relationship  between  the  length 
of  the  grain-coarsened  HAZ,  the 
distance  to  the  fusion  line  and 
the  CTOD  values  for  SOmm  thick 
specimens  with  through  thick¬ 
ness  notching. 

(b)  Definition  of  the  parameters 
used  in  (a) . 


Fig.  10  :  Cummulative  presentation  of  the  CTOD 
results  from  shallow  surface  notched 
specimens  (a/W  -  0.06)  from  butt 
weldments,  expressed  as  percentage 
of  duplicate  specimens. 


203 


'  f  w 

I 


i 


Fig.  12  :  Examples  of  load/clip -gauge  records 
from  bead- in-groove  specimens  of  a 
low-carbon  microalloyed  steel  (Steel 
4)  and  a  CMn  steel  (Steel  8)  /12/. 
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Fig.  13  :  Dimensions  of  the  crack-arrest 
specimens  : 

(a)  MRL  specimen. 

(b)  DUP  specimen. 


Fig.  15  :  Effects  of  the  peak  temperature  (Tp) 
on  the  Charpy  V-notch  toughness  at 
-22°C  of  weld  thermal  simulated  spe¬ 
cimens.  Steel  8  is  a  CMn  steel  while 
the  other  steels  are  low-carbon 
microalloyed  steels  /2/ . 
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Fig.  14  :  Charpy  V-notch  transition  curves  of 
the  single  cycle  weld  thermal  simu¬ 
lation  of  the  grain-coarsened  HAZ 
(upper  figure)  and  the  grain-refined 
HAZ  (lower  figure) . 
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ABSTRACT 


The  type  of  high  tensile  steels  used  for 
general  shipbuilding  has  been  changed  from 
conventional  steels  to  TMCP  steel  as  the  latter 
provides  an  appreciable  improvement  in  produ¬ 
ctivity  through  the  broad  application  of  high 
heat  input  welding  processes  and  the  less 
restriction  in  welding  workmanship.  However, 
the  softening  behavior  occurring  in  the  HAZ 
of  high  heat  input  welded  joint  becomes  severe 
with  increasing  heat  input  and  thus  can  limit 
the  maximum  heat  input  applied.  For  offshore 
application,  on  the  other  hand,  the  apprecia¬ 
tion  of  TMCP  steel  has  not  been  widely 
accepted  and  further  evaluations  are  needed 
for  its  favorable  usage.  Most  importantly, 
based  on  the  studies  on  HAZ  toughness  related 
with  local  brittle  zone,  it  is  discussed  that 
the  maximum  heat  input  for  TMCP  steel  can  be 
increased  substantially  over  that  specified 
for  conventional  steels. 


THE  QUALITY  AND  COMPOSITION  of  structural 
steel  plates  used  in  heavy  industries  have 
changed  considerably  over  the  last  decade, 
almost  entirely  in  response  to  demands  laid 
down  by  fabricators  and  operators.  In  the 
shipbuilding  industries,  as  an  integral  par - 
of  the  energy  saving  measures,  the  use  of 
high  tensile  steel  (HT  steel)  having  a  yield 
strength  over  32  kg/mm^  is  gaining  wider 
acceptance  to  reduce  overall  weight  of  ship. 
At  the  same  time,  shipbuilders  have  modified 
the  high  heat  input  welding  procedures  to  be 
more  practical  in  shipbuilding  and  have  tried 
to  expand  their  application  to  reduce  produ¬ 
ction  cost.  As  a  consequence,  shipbuilders 


have  looked  for  HT  steel  plates  which  can  be 
welded  with  high  heat  input  welding  processes. 

On  the  other  hand,  the  situation  in 
offshore  industries  is  quite  different  because 
of  the  difference  in  operating  condition. 

Along  with  the  progress  in  ocean  development, 
offshore  structures  have  been  designed  under 
more  severe  conditions  for  operation  in  deep 
waters  subject  to  higher  waves  or  in  polar 
region.  To  cope  with  these  severe  conditions, 
the  steel  plates  for  offshore  structures  have 
to  have  an  excellent  toughness  not  only  in  the 
base  metal  but  in  the  weld  heat  affected  zone 
(HAZ) ,  and  thus  to  insure  the  security  of 
offshore  structures  from  brittle  fracture. 

This  has  led  to  an  specification  requiring 
prequalification  of  steel  plate  and  severe 
limitations  in  welding  practice.  Eventually 
steel  makers  were  requested  to  perform  the 
crack  tip  opening  desplacement  (CTOD)  test  on 
the  HAZ  as  a  part  of  prequalification  of  their 
steels. 

In  short,  the  structural  steels  needs  for 
shipbuilding  and  offshore  structures  are  not 
the  same  in  terms  of  the  user's  requirements, 
i.e.  shipbuilders  consider  its  capability  for 
high  heat  input  welding  processes  but  offshore 
fabricators  concern  its  resistance  against 
brittle  fracture  in  the  welded  joint. 

The  scope  of  this  paper  is  to  illustrate 
from  industrial  viewpoint  how  those  require¬ 
ments  have  been  accomodated  by  the  application 
of  advanced  steel  grades,  particularly  by  that 
of  thermo-mechanical  control  process  (TMCP) 
steels.  The  first  part  of  this  paper  will 
describe  the  TMCP  technology  compared  with 
those  of  conventional  processes  and  will 
demonstrate  the  possible  advantages  obtained 
by  using  TMCP  steels.  In  the  second  part, 
steel  plates  including  TMCP  steel  developed 
for  high  heat  input  welding  will  be  evaluated 
for  selecting  a  better  material  in  shipbuilding. 


In  the  last  part,  the  capability  of  TMCP 
steels  for  offshore  structures  will  be 
discussed  based  on  its  superior  resistance  to 
brittle  fracture. 


Characteristic  of  TMCP  steel 


The  definition  of  TMCP  has  not  been  well 
established  yet,  but  it  is  understood  to 
employ  such  techniques  as  (a)  rolling  process 
in  the  non-recrystallized  austenite  region, 

(b)  rolling  process  in  two  phase  (  +  y  ) 

region,  (c)  lower  heating  temperature  of  slab 
and  (d)  accelerated  cooling  after  controlled 
rolling.  Because  the  most  striking  improve¬ 
ment  in  strength  and  toughness  can  be  obtained 
through  a  combined  process  of  accelerated 
cooling  and  controlled  rolling,  the  accelera¬ 
ted  cooled  type  TMCP  (hereinafter  referred  to 
as  TMCP)  has  been  applied  very  widely  for 
manufacturing  various  grades  of  steels. 

Fig.l  compares  the  manufacturing  process 
of  TMCP  steel  with  those  of  conventional 
steels.  TMCP  with  water  cooling  is  simply 
an  improved  version  of  controlled  rolling  (CR) 
wherein  slab  preheating  and  rolling  conditions 
are  controlled  more  strictly  than  the 
conventional  CR  practice.  As  shown  in  this 
figure,  the  TMCP  consists  of  the  two  step 
controlled  rolling,  in  which  the  first  rolling 
is  performed  in  the  recrystallized  region  and 
the  second  one  in  the  non-recrystallized 
region  of  austenite,  and  the  accelerated 
cooling  in  the  transformation  (  T  "*  o(  )  region. 
The  purpose  of  controlled  rolling  which  makes 
up  the  first  half  of  the  TMCP  is  to  obtain  a 
fine  microstructure  which  can  reserve  good 
toughness,  and  that  of  accelerated  cooling 
which  makes  up  the  second  half  is  to  introduce 
hard  phases  into  ferrite  matrix  and  thus  to 
increase  the  strength  of  steel  plated).  The 


Fig.l  Schematic  drawing  of  manufacturing 
processes  of  high  tensile  steel  plates. 

microstructural  difference  between  the  air¬ 
cooled  normalized  and  the  accelerated-cooled 
TMCP  steels  is  presented  in  Fig. 2.  The  second 
phase  observed  in  the  normalized  steel  has  a 
typical  lamellar  structure  of  pearlite  while 
that  in  TMCP  steel  is  likely  a  single  phase 
or  bainite  and  is  distributed  in  a  very  fine 
scale.  By  utilizing  this  strengthening  effect 
of  accelerated  cooling  the  TMCP  makes  it 
possible  to  decrease  the  carbon  equivalent  to 
less  than  that  of  conventional  steels  result¬ 
ing  in  the  improvement  of  weldability. 


Application  of  TMCP  Steels  for  Shipbuilding 

High  Tensile  Steels  for  Shipbuilding 

The  employment  of  high  tensile  (HT)  steel 
plate  for  shipbuilding  has  been  initiated  in 
the  1960's  in  Japan,  and  increased  substanti¬ 
ally  for  last  ten  years  to  meet  the  growing 


Fig. 2  Microstructure  of  high  tensile  steels  manufactured  (a)  by  normalizing 
treatment  and  (b)  by  TMCP.  PiPearlite,  BiBainite 
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Fiq.3  Amount  of  mild  and  high  tensile 
steel  plates  used  for  shipbuilding 

demand  for  large-sized  vessels.  This  resulted 
in  a  considerable  weight  reduction  of  hull 
structure , 

In  the  present  rules  of  the  Ship  Classi- 
'^ication  Societies,  two  grades  of  HT  steel 
are  specified  depending  on  yield  strength 
level,  i.e.  HT  steel  with  a  yield  strength 
of  32  kg/mm^  (hereinafter  referred  to  as  HT32) 
and  HT  steel  of  36  kg/mm^  (HT36) .  In  this 
company,  the  HT  steel  has  begun  to  use  since 
1980  and  its  usage  increased  very  repidly 
year  as  shown  in  Fig. 3.  However  most  of  the 
HT  steel  used  were  HT32  plates  and  the  HT36 
plates  have  scarcely  been  used.  A  part  of  the 
reason  for  this  is  the  relatively  pojr 
weldability  of  the  conventional  HT36  steels 


since  they  have  a  relatively  high  carbon 
equivalent  and  contain  microalloy  elements 
such  as  Nb  and  V  and  thus  require  preheating 
to  prevent  cold  cracking  and  a  restricted 
welding  heat  input  for  satisfying  the  required 
HAZ  toughness.  Due  to  these  problems,  the 
introduction  of  TMCP  steels  was  highlighted 
in  the  shipbuilding  industries  and  it  contri¬ 
buted  significantly  to  the  greater  use  of  HT 
steels,  particularly  HT36  steel{2).  Under 
this  circumstances,  even  higher  tensile  steel 
with  yield  strength  of  40  kg/mm^  CHT40)  has 
been  developed  very  recently  by  applying  TMCP 
and  is  now  being  used  in  Japan  for  fabricating 
ship  strength  decks  and  other  important  hull 
strength  members (3) . 


Steels  for  High  Heat  Input  Welding 

In  the  normalized  steels,  the  carbon 
equivalent  (Ceq. )  value  becomes  higher  with 
the  strength  level  as  listed  in  Table  1.  As 
a  consequence,  HT  steels  are  more  sensitive 
to  heat  cycles  than  the  mild  steel  with  higher 
susceptibility  to  weld  cracking  at  HAZ  in  low 
heat  input  welding  and  with  lower  impact 
toughness  in  the  HAZ  associated  with  high 
heat  input  welding. 

Although  the  weld  cracking  problem  was 
able  to  be  managed  mostly  by  using  low 
hydrogen  type  welding  consumables,  the  HAZ 
embrittlement  occurring  in  the  high  heat  input 
welded  joint  could  not  be  solved  since  it  is 
caused  by  the  austenite  grain  growth  during 
welded  thermal  cycle.  Hence,  the  application 
of  high  heat  input  welding  processes  such  as 
one-side  submerged  arc  welding  (SAW)  and 
electro-gas  or  slag  welding  processes  were 
restricted  severely  in  welding  conventional 
HT  steels. 

In  an  effort  to  develop  steel  plate  that 
can  withstand  high  heat  input  several  kinds 
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Table  1  Typical  carbon  equivalent  (Ceq.)  of 
steel  plate  produced  by  normalizing  treatment 


Steel 

grade 

min.  Y.S. 
(kg/mtn^) 

min.  Cv,  at 
-40°C,  (kgf-m) 

* 

Ceq. 

E 

24 

2.8 

0.27 

EH32 

32 

3.5 

0.37 

EH36 

36 

3.5 

0.41 

„  Mn  Cr+Mo+V  Ni+Cu 
ceq.  =  C  .  . - - - . 

of  HT  steels  have  been  developed  by  adding 
various  alloying  elements  which  are  known  to 
be  effective  in  suppressing  the  grain  growth 
of  in  gathering  impure  elements  such  as  N(4-7) 

.  Addition  of  Ti  was  the  most  popular  method 
adopted  for  this  purpose (4-6) .  Metallurgical 
basis  for  Ti  addition  is  to  form  finely 
distributed  TiN  precipitates  which  are  stable 
at  high  temperatures  and  thus  to  suppress  the 
grain  growth  in  the  HAZ  near  fusion  boundary 
as  well  as  to  promote  formation  of  ferrite  by 
acting  as  nuclei  of  -transformation.  Fig. 4 
(a)  and  (b)  show  HAZ  microstructures  of  Ti- 
treated  (Ceq.  =  0.41)  and  non-Ti  treated  steels 
(Ceq.  =  0.38)  respectively.  The  welding  was 
done  on  the  15.5mm  thick  plate  with  electro¬ 
gas  welding  process.  As  expected,  not  only 
the  width  of  coarse  grained  region  but  also 
the  size  of  prior  austenite  grains  revealed 
along  the  fusion  boundaries  are  much  smaller 
in  the  Ti-treated  steel  than  those  in  the  non- 
Ti  treated  (conventional)  steel.  Such  differ¬ 
ences  in  HAZ  microstructure  would  influence 
the  impact  toughness  property  of  HAZ.  The 
result  of  Charpy  impact  test  made  on  the  both 
welded  joints  are  shown  in  Fig. 5.  The  impact 
properties  in  the  HAZ  of  Ti-treated  steel 
meets  the  required  value  for  the  hull  structu¬ 
ral  plate  of  DH  grade  while  in  the  case  of  the 
non  Ti-treated  steel  plate  the  resultant  HAZ 
impact  values  are  below  than  that  required. 

With  such  a  favorable  result,  even  higher 
heat  input  was  applied  on  a  Ti-treated  steel 
plate  to  find  out  the  maximum  heat  input 
applicable.  Fig. 6  shows  the  result  of  Charpy 
impact  tests  performed  on  the  electro-gas 
welded  joint  of  24mm  thick  Ti-treated  steel 
plate  (Ceq.  =  0.41) .  The  applied  heat  input 
was  16C  KJ/cm.  As  shown  in  this  figure,  this 
welded  joint  satisfies  no  longer  the  required 
value  specified  for  the  base  plate  of  DH  grade. 

This  result  and  that  shovm  in  Fig. 5 
demonstrate  that  Ti-treatment  of  steels  is 
quite  effective  in  raising  the  maximum  heat 
input  but  still  has  a  clear  limit  at  about 
100  KJ/cm.  Besides,  it  is  also  kept  in  mind 
that  since  Ti-treatment  does  not  affect  the 
carbon  equivalent  of  steel  plate,  this 


treatment  can  not  relieve  the  various  restric¬ 
tions  applied  on  the  welding  wor)ananship  of 
HT  steels.  This  fact  is  quite  important 
since  the  productivity  of  shipbuilding  is 
largely  limited  by  those  restrictions  on 
welding  worlonanship  (2)  . 

Concerning  the  limited  function  of  Ti- 
treatment,  it  has  been  claimed (8,9)  that  a 
part  of  TiN  precipitates  dissolve  in  the  area 
adjacent  to  the  fusion  boundary  heated  at  a 
temperature  close  to  the  melting  point  so  that 
it  can  not  act  as  a  pinning  site  or  as  a 
nucleation  site.  Futhertore,  it  was  reported 
(10)  that  Ti  and  free  N  produced  as  a  result 
of  dissociation  of  TiN  exhibit  a  deleterious 
effect  on  HAZ  toughness.  Another  thing  to 
mention  here  is  that  a  formation  of  upper 
bainite  or  side  plate  ferrite  can  not  be 
prevented  in  the  HAZ  of  both  steels  unless 
the  carbon  equivalent  of  steel  plate  lowers 
sufficently.  Therefore,  the  steel  plate  for 
high  heat  input  welding  would  better  be 
designed  in  a  way  to  lower  its  carbon 
equivalent  and  thus  to  suppress  the  formation 
of  upper  bainite.  The  adoption  of  TMCP  made 
it  possible  and  thus  can  secure  the  HAZ 
toughness  even  in  the  non  Ti-treated  condition. 

Actually,  when  TMCP  steel  was  used  as  a 
base  metal,  higher  heat  inputs  over  100  KJ/cm 
could  be  applied.  Fig. 7  shows  the  result  of 
Charpy  impact  test  performed  on  the  25mm  thick 
TMCP  steel  plate  (Ceq.  =  0.32)  welded  with 
heat  input  of  173  KJ/cm.  It  is  understood 
from  this  result  that  such  a  high  heat  input 
is  still  applicable  for  TMCP  steel.  With 
further  increasing  heat  input,  it  was  found 
that  the  weld  metal  toughness  drops  to  a 
larger  extent  than  the  HAZ  toughness.  In 
other  words,  the  practical  limitation  in 
welding  heat  input  for  TMCP  steel  is  set  by 
the  limitation  of  the  weld  metal  toughness 
but  not  by  its  HAZ  toughness.  Therefore,  the 
maximum  heat  input  for  TMCP  steel  can  be 
further  increased  in  future  by  the  development 
of  welding  consumables. 

As  described  above,  it  is  quite  clear 
that  there  are  various  advantages  in  fabrica¬ 
ting  ship  structures  where  conventional  steel 
plates  are  replaced  with  TMCP  steels  in  terms 
of  wide  application  of  high  heat  input  welding 
processes  and  less  limitation  on  the  welding 
workmanship.  However,  it  is  worth  mentioning 
here  that  there  are  several  things  to  be 
considered  in  fabricating  TMCP  steel.  One  of 
those  is  the  strength  reduction  of  welded 
joint.  It  is  mainly  because  the  strength 
increased  by  accelerated  cooling  process  is 
lost  either  by  weld  thermal  cycles  having 
slow  cooling  rate  or  by  post  weld  heat 
treatment  (PV'(HT)  . 

HAZ  Softening 
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Charpy  Impacf  Energ,  at  -20*C  ,  Joule  a  _2o*c,  joule 
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Fiq.6  Variation  oi  Charpy  impact  enenr- 
in  the  electro-cjas  welded  joint  of  Ti- 
treated  steel  with  heat  input  of  160  KJ/cm. 


I’iq.V  Variation  of  Charpy  impact  energy 
in  the  electro-gas  welded  joint  of  TMCP 
steel  with  heat  input  of  173  KJ/cm. 
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when  a  high  heat  input  welding  applied 
on  the  TMCP  steel  plates,  softening  in  HAZ 
occurs  since  the  strengthening  effect  of  the 
accelerated  cooling  is  diminished  by  the  slow 
cooling  rate  involved  in  the  weld  thermal 
cycle.  Fig. 8  shows  an  example  of  the 
hardness  profiles  accross  the  HAZs  of  the 
TMCP  and  the  normalized  steels.  The  normali¬ 
zed  steel  shows  liigher  hardness  values  in  its 
HAZ  while  the  TMCP  steel  shows  lower  hardness 
values.  This  softening  certainly  increases 
as  the  welding  heat  input  increases  or  as  the 
carbon  equivalent  of  base  metal  decreases. 

The  degree  of  softening,  which  can  be 
represented  with  the  minimum  hardness  value 
measured  in  HAZ,  is  plotted  as  a  function  of 
heat  input  in  Fig. 9.  As  a  result  of  softeninci 
in  HAZ,  the  transverse  tensile  strength  of 
TMCP  steel  welded  joint  decreases  with  the 
increase  of  welding  heat  input  as  shown  in 
Fig. 10.  It  was  also  noted  from  the  broken 
tensile  specimens  that  fracture  always  occu¬ 
rred  within  the  HAZ  as  shown  in  the  inserted 
pliotograph  of  Fig.  10.  This  result  demonstra¬ 
tes  a  important  role  of  HAZ  softening  in 
determining  the  tensile  strength  of  TMCP  steel 
welded  joint.  Therefore,  since  the  degree  of 
softening  increases  as  the  carbon  equivalent 
decreases  at  a  given  strength  level,  the  lower- 
limit  of  carbon  equivalent  should  be  specified 
considering  the  maximum  lieat  input  u;;ed  in  tlic 
shipbuilding  industries  in  order  to  preserve 
the  base  metal  strength  even  after  th.c  high, 
heat  input  welding. 

If  jrost  weld  heat  treatment  (PWHT)  is 
applied,  further  softening  is  anticipated. 

Fig.  11  shows  the  result  of  hardness  measure¬ 
ments  before  and  after  PWHT  at  58o''V  for  JO 


minutes.  This  result  clearly  shows  the 
additional  softening  occurring  in  the  HAZ  as 
well  as  in  the  base  metal.  In  order  to 
emphasize  the  significance  of  HAZ  softening, 
the  tensile  strengths  of  TMCP  steel  welded 
joint  were  compared  with  those  of  normalized 
steel  in  the  as-welded  and  in  the  PWHT  condi¬ 
tion.  A  significant  reduction  in  tensile 
strength  is  shown  in  the  TMCP  steel  welded 
joint  but  a  little  change  in  the  normalized 
steel.  Since  the  strength  obtained  in  the 
PWHT  condition  falls^below  the  specified 
strength  of  50  kg/mm  ,  the  application  of 
PWHT  on  the  TMCP  steel  structure  should  be 
limited  unless  the  PWHT  temperature  lowers 
substantially. 


Application  of  TMCP  Steels  for  Offshore 
Structure 


In  the  offshore  industries,  a  combination 
of  increased  use  of  fracture  mechvinics  by 
(.lesiijn  engineers  and  the  identification  of 
local  brittle  zones  (LBZ)  in  the  HAZ  by 
metallurgist  has  required  quantitativ'e  tough¬ 
ness  analysis  in  those  regions.  For  this 
purpose,  some  oil  companies  have  developed 
HAZ  tougiiness  evaluation  programs  (prequali¬ 
fication  tests)  which  were  published  in  1987 
as  API  Recommended  Practice  2Z ,  and  also 
specified  the  minimum  CTOD  values.  The  typical 
CTOD  values  required  are  0.15-0. 3 5rm  at 
depending  on  the  specific  project. 

Traditionally ,  offshore  structural  steels 
iiavo  been  delicvcred  in  the  normalized  condi¬ 
tion  and  ttius  have  a  high  carbon  equivalent. 


SAW 
'JOK  J/cm 

O  Nor 
•  TMCP 

BM  HAZ  F 

L  WM 

Fig. 8  Hardness  profiles  in  the  HAZs  of 
normalized  a. id  TMCP  steels  welded  with  heat 
input  of  70  KJ/cm. 
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Fig. 9  Variation  of  minimum  hardness  in  HAZ 
of  TMCP  steel  with  welding  heat  input. 
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Fiq.l-Q  Effect  of  weldinq  iieat  input  on  the 
transverse  tensile  strength  of  TMCP  steel 
welded  joint. 

However,  as  the  TMCP  has  been  found  to  be  very 
effective  in  improving  weldability  of  steels 
through  the  reduction  of  carbon  equivalent, 
the  TMCP  steel  was  eventually  specified  in  API 
specification  2W  for  offshore  structures  in 
1987. 

In  this  institute,  the  CTOD  property  of 
TMCP  steel  welded  joint  was  studied  and 
compared  with  those  of  normalized  steels. 

The  steels  selected  were  API  2H  Gr.50  of  TMCP 


Fig. 11  Effect  of  PWHT  on  softening  of  TMCP 
steel  welded  joint. 


type  and  BS  4360  Gr.SOD  delievered  in  normali¬ 
zed  condition,  and  their  carbon  equivalents 
were  calculated  as  0.31  and  0.41%  respectively. 
The  thickness  of  both  plates  were  45mm.  The 
groove  was  made  in  K  shape  and  the  welding 
was  performed  either  by  shielded  metal  arc 
welding  (SMAW)  with  low  heat  input  of  15  KJ/cm 
or  by  submerged  arc  welding  (SAW)  with  high 
heat  input  of  50  KJ/cm.  Machined  notches  were 
made  to  locate  fatigue  crack  tip  along  the 
coarse  grained  region  of  HAZ.  The  CTOD  tests 
at  four  different  temperatures,  ie  -10,  -40, 

-60  and  -80°C,  were  performed  in  accordance 
with  BS  5762,  and  their  results  are  shown  in 
Fig. 13.  From  this  figures,  it  is  noted  that 
TMCP  steel  exhibits  better  HAZ  toughness  than 
the  normalized  steel  regardless  of  heat  input 
level  and  that  TMCP  steel  appears  to  be  less 
sensitive  to  the  welding  heat  input.  More 
significantly,  all  of  the  normalized  steel 
specimens  tested  exhibited  brittle  fracture 
mode  in  their  fracture  surface,  only  five  out 
of  17  TMCP  steel  specimens  did.  Through  a 
careful  examination  of  sectioned  specimens,  it 
was  found  that  the  brittle  fracture  in  these 
specimens  always  initiated  from  ti.e  coarse 
u'ljncd  region  of  HAZ,  so  caJ.led  local  brittle 


Fig. 12  Effect  of  manufacturing  processes 
on  the  tensile  strength  of  welded  joint. 
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i-i!  (b) 

.-■i'.'b  tout  I'osulto  of  t!io  IIAZ  in  as-weldcd  condition.  (a)  TMCP  and  (b)  Nomalized  steels 


'.'.'i'.en  tile  'b  i.o  evaluated,  the 

notch  i'Go-,itioti  ij  :;iost  loifortant  witii  respect 
tc  till  coarse  uiained  iiAZ.  !-'i.!.14  shows  tlic 
relationsiuji  between  the  CTt'D  value  and  tlic 
fiuction  of  coarse  aicumti  re. non  located 
aloni:  tiio  fatj.iuc.  crach  front.  It  y’nows  tiiat 
tile  CTi'D  v.ilue  ..irop.s  sul'st ant  ial  ly  when  the 
fraction  ot  coarse  .jrained  UAZ  cxcoous  a 
certain  ct-iount,  le  about  5i  in  tlio  ease  of 
r.crit.il  ized  steel  and  about  15',.  in  tiic  TMCi' 
steel.  Tills  result  alcn-i  with  the  CTiiD  test 
result  (L'ia.13)  m-iicates  tliat  TMCI’  steel  is 
riore  resistant  to  i.bZ  t'naii  tiie  nonnalized 
steel  in  the  ease  of  50  KJ,  cm. 

Kectaitly  periiaps  reconan  i  z  i  ny  t!ie  TMCF 
•steel  as  norc  LHZ-i  esi.stant  st  eel  tlian  tlie 
nont.al  j  zed  steel,  several  oil  coi-ip.an  i  es  h.avo 


come  to  specify  TMCP  steel  to  be  used  exclu¬ 
sively  for  the  E^timary  structure.  However, 
they  did  not  consider  to  alleviate  the  various 
restriction  imposed  on  the  welding  practice, 
for  cxnin[iile  maximum  heat  input  of  about  50 
KJ/cm  and  Eirelioating  temperature  requirement 
of  AWS  Dl.l,  whicii  iiave  been  applied  to  nor¬ 
malized  steel.  From  the  fabricators  jioint  of 
view,  tlie  current  heat  injiut  restriction, 
normally  16-50  KJ/cm,  could  be  modified  into 
a  broader  range  reflecting  the  excellent  CTuD 
jiroperties  obtained  in  this  heat  iniiut  range. 
In  addition  tiie  preheating  temperature  could 
bo  lowered  significantly  considering  the  low 
c.irbon  eiiuivalont  of  TMCP  steel  so  that  the 
advantaije  ot  TMCP  steel  could  be  fully  utili¬ 
zed  and  favored  in  the  offshore  industries  as 
has  been  accomplished  in  the  s'nipbuilding 
industricvi. 
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Concluding  Remark 


After  tlie  introduction  of  TMCP  stecli-.  in 
early  19d0's,  it  has  been  recognized  to 
[xissess  a  good  combination  ot  mochanicai 
properties  and  weldability,  and  they  have 
beon  aiipliod  very  widly  by  replacin')  conven¬ 
tional  steels.  In  .shitibui  Id  in.;  industries, 
particularly  TMl'P  steel  filay.s  very  important 
role  not  only  in  esc.tl.iting  tlio  use  of  high, 
tensile  steels  which  can  reduce  liull  weight 
but  also  in  saving  tiie  labrication  cost 
throuijh  the  less  restriction  on  the  welding 
piaotice.  The  maximum  heat  input,  loi  eXitt.ole 
,  can  be  raised  up  to  the  workiivi  limit  of 
welding  consumables  without  having  any  pro¬ 
blems  in  HAZ  touqVincss.  Ik'wex’or,  tiic  drawiback 
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of  TMCP  may  be  the  appreciable  strength  reduc¬ 
tion  of  the  high  heat  input  welded  joint  and 
the  limitation  of  PWHT. 

In  offshore  industries,  however,  the  TMCP 
steel  has  not  been  appreciated  as  much  as  that 
in  the  shipbuilding  industries.  The  main 
reason  for  this  seems  to  be  the  conservative 
attitude  of  oil  companies  in  selecting  steel 
materials  for  their  structures.  However, 
under  the  recent  change  in  offshore  structures 
,  i.e.  the  steel  plate  becomes  thicker  and 
the  HAZ  toughness  is  of  the  most  important 
concern,  there  is  a  movement  to  use  TMCP  steel 
preferentially  for  the  primary  structure.  It 
is  further  expected  that,  through  more  syste¬ 
matic  studies  on  HAZ  toughness  record  related 
with  LBZ  and  on  the  accumulating  supply,  the 
use  of  TMCP  steel  will  be  stimulated  more 
intensively  and  come  to  be  favored  in  the 
offshore  industries  as  well. 
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welded  joint  and  have  developed  a  new  type  of 
ABSTRACT  steel  which  had  high  toughness  in  the  welded 

joint  even  with  high-heat-input. 

Exploitation  of  new  offshore  re.sources  requires 

high  strength  steel  with  good  weldability.  Low  THE  METHOD  OF  IMPROVItJG  THE  HAZ  TOUGHNESS  IN 

Pem  steel,  transformation  strengthened  by  an  HIGH-HEAT-INPUT  WELDING 

accelerated  cooling  process,  has  been  meeting 

this  requirement  aided  by  the  use  of  the  full  The  method  of  improv.ing  the  HAZ  toughness 

potential  of  microalloying  elements.  In  this  in  high-heat-input  welding  can  be  summarized 

process  it  is  very  beneficial  to  use  niobium  into  as  follows: 

(Nb),  a  small  amount  of  which  strengthens  the  1,  Improvement  of  the  matrix  toughness; 

base  plates  and  prevents  the  weld  heat  affected  2.  prevention  of  microcracks  (prevention  of 

zone  (HAZ)  from  softening,  through  ptecipita-  producing  M-A  constituents); 

tion  of  Nb(C,N)  or  lowering  transformation  3,  control  of  the  microstructurc; 

temperature.  Niobium  also  toughens  the  base  a.  suppression  of  bainite  and/or  martensite 

plates  by  refining  grains.  On  tfie  other  hand,  transformation; 

the  combination  of  microalloying  elements  h.  refinement  of  the  microstructure. 

(boron  (B) ,  titaniuni  (Ti),  and  so  on)  can  We  gave  detailed  consideration  to  these  thr 

improve  the  IIAZ  toughneos.  Thus  by  combining  points. 

the  effect  of  raicroalloying  elements  and  the  IMPROVEMENT  OF  THE  MATRIX  TOUGHNESS  - 

accelerated  cooling  method  appropriately  we  Effective  ways  to  improve  the  matrix  toughness 

have  developed  steel  characterized  by  NTi-Ti-B  are  to  decrease  carbon  equivalent  (Ceq.=  C+Mn/6 

microalloving,  reduced  aluminum  (a1)  and  +(Cu+Ni )  / 1 5+ (Cr+Mo-^V) /5)  and  to  eliminate 

balanced  nitrogen  (M) .  This  steel  can  match  residual  elements.  The  recent  development  of 

the  requirements  of  high-heat-input  welding  as  the  Thermo-Mechanical  Control  Process  (TOCP) 

applied  to  off-shore  structure  used  in  low  enables  the  production  of  high  tensile  strength 

temperature.  steel  with  a  low  Ceq.  [2] [3]. 

Unfortunately,  however,  a  high-heat-input 
welding  tends  to  soften  the  welded  joint 
strength  of  the  TMCP  steel.  The  addition  of 
RECENT  EXPLOITATION  OF  OIL  AND  GAS  tends  to  be  niobium  had  been  considered  to  prevent  soft- 

moving  into  the  regions  and  environments  which  ening  of  TMCP  steels  in  welding.  Fig.l  illus- 

are  very  hard  on  steel  structures.  This  is  why  trates  the  influence  of  niobium  content  on  the 

steel  with  sutficlent  toughness  at  low  tempera-  strength  of  the  welded  joints  and  that  of  the 

tures,  such  as  -bO^C,  are  required.  On  the  weld  metals.  A  small  amount  of  niobium  in  base 

other  hand,  the  steel,  whose  properties  are  not  metal  ran  prevent  the  weld  metal  from  sof- 

damaged  by  high-heat-input  welding,  are  re-  tening,  since  the  niobium,  which  dissolves  into 

quired  in  order  to  Increase  welding  efficiency.  weld  metal,  holds  the  strength  of 

But  up  to  this  tine,  heat-input  has  been  the  welded  joints  through  precipitation  of 

restricted  In  welding  steel  used  In  low-temper-  Nb(C,N). 

ature  because  grain  coarsening,  which  occurred  Large  amounts  of  niobium,  however,  tend  to 

through  high-heat-input,  deteriorates  the  deteriorate  toughness  of  the  welded  joints, 

welded  Joint  toughness  flj.  Then  a  small  amount  of  niobium,  less  than 

Therefore,  we  investigated  the  <  'feet  of  0.0207,,  was  microalloyed  to  put  its  streng- 

microalloylng  elements  in  the  high-heat-input  thening-and-toughenlng  effect  into  a  practical 
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(1)  Butt-weld  transverse  tensile 
test 

Fig.l  The  Influence  of  Nb  content  in  base 

metal  on  tensile  st’-ength  of  butt-weld- 
joints  and  all -we  1  d-metal;> 

Base  metal  :  0.  1  lC-0. 3Si-l .  4f;n 
Weld  Joint  :  SAW  high-heat-input 
v/elding 


use  in  the  TMCP.  The  addition  of  a  large 
quantity  of  niobium  generally  induces  some 
deterioration  in  the  toughness  of  the  weld  f4]. 
On  the  contrary,  we  found  that  a  small  amount 
of  niobium,  up  to  0.020%,  hardly  affects  the 
toughness  of  the  weld  metal  and  the  HAZ  at  all, 
as  shown  in  Fig. 2. 


Fig. 2  The  Influence  of  Nb  content  in  base 

metal  on  Charpy  absorbed  energy  of  weld 
metal  and  fusion  line 

Base  metal  :  0. ! lC-0. 3Si-l . 4Mn 
Weld  joint  :  SAW  high-heat-input 
welding 


'Drove  the 
’■  t  rog.i 

i  'll  dc  .c 
Reduction  of 
.  by  two  means: 


Another  effective  method 
matrix  toughness  is  to  reduce 
because  nitrogen  in  solid  sol 
the  toughness  of  the  matr 
soluble  nitrogen  can  be  achii 
inie  is  to  reduce  the  total  nitrogen  content  and 
the  other  is  to  add  some  strong  nitrogen- 
scavengers,  e.g.  Al,  Ti,  B,  Zr  and  so  on.  This 
point  will  be  discussed  later. 

PREVENTION  OF  MICROCRACKS  -  Increase  of 
the  hardeningability  of  steel  has  a  general 
trend  of  producing  M-A  constituents  f5l  in  HAZ. 
M-A  constituents  can  easily  create  Griffith 
cracks  between  the  M-A  constituent  and  matrix 
ferrite  and  damage  the  toughness  of  the  Ih\Z. 
Accordingly  it  is  important  to  optimise  the 
hardeningability  of  the  steel  and  to  decrease 
the  amount  of  M-A  constituents. 


CONTROl.  OF  THE  HICROSTRECTURE  -  Suppres¬ 
sion  of  bainite  and/or  martensite  transfor¬ 
mation  and  refinement  of  the  microstructure  are 
very  effective  in  improving  the  HAZ  toughness. 

Fig. 3  shews  the  effect  of  changing  the 
microstructure  and  the  influence  of  soluble 
nitrogeti  on  the  toughness  of  the  fusion  line  in 
the  hlgh-heat-input  ( 1 3kj /roml  welded  joincs[61. 
As  mentioned  be‘'ore  reduction  of  soluble  nitro¬ 
gen  results  in  the  improvement  of  the  HAZ 
toughness,  but  this  trend  is  dependent  on  the 
microstructure ,  as  shown  in  Fig. 3. 

The  vTs  value  of  the  HAZ,  composed  of  a 
large  quantity  of  bainite,  can  not  be  lowered 
below  -40°C  even  if  soluble  nitrogen  is  reduced 
to  zero.  It  is  consequently  recognized  that 
the  microstructure  in  the  HAZ  should  he  com¬ 
posed  of  ferrite-pearlite  in  order  to  obtain 
sufficient  toughness  at  -b0°C. 

In  addition  to  this,  it  is  unquestionable 
that  the  refinement  o.  the  HAZ  microstructure 
always  achieves  high  toughness. 
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fig- 3  The  Influence  of  soluble  N  and  mlcrc- 
structures  on  Cue  toughness  of  the 
fusion  line 

Note  F:  ferrite  P:  peailite 

B;  bainite  M:  martensite 
Q.F.:  quasi-pearlite 
B/N  ;  weight  ratio  of  B  to  N 


DEVELOPMENT  OF  CU-NI-MB-TI  STEEL 

Taking  into  consideration  of  the  three 
HAZ-toughness-improvi ng  measures  mentioned 
before,  we  had  developed  Cu-Ni-Nb-Ti  steel  [7], 
ef  which  the  chemical  composition  is  shown  in 
Table  1.  A  small  amount  of  niobium,  the  effect 
of  which  is  promoted  by  an  accelerated  cooling 
method  (one  sort  of  TMCP)  ,  toughens  the  base 
metal  and  prevents  tlie  weld  metal  from  soft¬ 
ening.  On  the  other  hand,  a  small  amount  of 
titanium  toughen.s  the  welded  joints:  Finelv- 
dispersed  TiN,  which  is  very  stable  nitride  at 


Fig. 4  The  Influence  of  heat-input  on  the 

toughness  of  the  welded  joint  HAZ,  which 
indicates  the  most  inferior  toughness 


a  high  temperature,  can  prevent  the  austenite 
grain  from  coarsening  during  heating  in  the 
weld  thermal  cycle  through  the  Zener  pinning 
effect  f  81  .  Finely-dispersed  TiN  can  become 
the  nucleation  site  of  pro-eutectoid  ferrite 
during  cooling,  and  the  reduction  of  soluble 
nitrogen  by  titanium  addition  also  contributes 
to  the  improvement  of  the  HAZ  toughness  f9][101 

(ill. 


Table  1  Chemical  Composition  (wt  %) 
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Table  2  Properties  of  the  Base  Metal 


Thickness 

Tensile 

test 

Charpy  impact  test 

( mm ) 

Direction 

YS(MPa) 

!  TS(MPa) 
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Direction 

vE  .60 ’I  vTs(  "O 
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i  509 

-J _ 

36.6 

L 

-  -  ‘ 

307  -112 

—  I _ 

T  :  Transverse  L  ;  Longitudinal 
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The  Cu-Nl-Nb-Ti  steel  indicates  very  high 
toughness  at  -60' C  in  the  base  metal,  as  shown 
in  Table  2.  But  the  Cu-Ni-Nb-Ti  steel  can  net 
keep  its  HAZ  toughness  above  lOki/mn’  heat-input 
welding,  whereas  it  indicates  very  high  tough¬ 
ness  in  the  HAZ  at  -60°C  up  to  lOkj/mm  heat- 
-input  welding,  as  shown  in  Fig. 4.  This  is 
presumed  as;  at  high-heat-input  welding,  TiN, 
kept  for  a  long  time  near  the  peak  temperature 
on  the  fusion  line,  is  partly  dissolved  [121. 
This  results  in  some  grain  coarsening,  and  the 
increase  of  nitrogen  in  the  solid  solution  can 
not  be  oombined  easily  during  cooling  of  the 
welded  thermal  cycle  because  of  the  relatively 
low  diffusion  rate  of  titanium. 

If  large-heat'input  welding  is  .applied,  we 
therefore  have  to  find  another  element.  Instead 
of  titanium,  to  promote  the  nucleation  of 
ferrite  and  prevent  the  bainite  or  martensite 
transformation. 

Boron  is  one  of  the  best  candidates  for 
this  purpose  because  boron  has  high  diffusion 
rate  in  austenite  and  is  a  strong  nitrogen- 
scavenger.  Only  BN,  amongst  many  other  ni¬ 
trides,  can  precipitate  from  austenite  during 
the  cooling  of  the  weld  thermal  cycle,  and 
become  the  nucleation  site  of  ferrite. 

Consequently,  for  new  steel,  which  has 
sufficient  toughness  in  high-heat-input 
welding,  we  studied  the  utilization  of  boron. 

STUDY  ON  THE  IMPROVEMENT  OF  THE  HAZ  TOUGHNESS 
AT  HIGH-HEAT-INPUT  t.’El.DING 

From  the  above  considerations  the  utili¬ 
zation  of  boron  with  titan'um,  aluminum  and 
nitrogen,  v’hich  are  thought  to  affect  the 
V;inetics  of  boron-nitride  formation,  was 
examined  to  control  nicrostructure  of  the  HAZ 
and  to  improve  its  toughness  Ir.  a  high-heat- 
input  welding. 

experimental  procedure  -  Table  3  shows 

chemical  compositions  of  the  investigated 
steel.  After  the  investigated  steel  is  refined 
in  the  electric  furnace  in  a  vacuum,  slabs  are 
tiot-forged  to  )00mm  thickness.  Reheated  slabs 
are  then  rolled  to  30ram  thickness  before 
accelerated  cooling. 

The  HAZ  toughness  is  examined  through  the 
process  of  the  synthetic  thermal  cycles.  In 
order  to  evaluate  the  fusion  line  the  maximum 
heating  temperature  was  fixed  at  1350°C. 
Cooiing  time  from  800°C  to  SOO'C  (indicated  as 
t800-500)  was  varied  from  9  to  150  seconds. 


Fig.  5  The  Influence  of  N  and  15  content  on  the 
toughness  of  the  simulated  HAZ 
(maximum  heating  temperature  :  1350°C) 


The  cooling  times  of  9,  60  and  150  seconds 
correspond  to  the  thermal  cycles  at  fusion 
lines  of  1.5,  10  and  25kj/inm  heat-input  welded 
joints  of  30twn  thick  plate  respectively. 

experimental  results 

The  Influence  of  Nitrogen  with  Boron  on 
the  HAZ  Toughness-  It  is  well  known  that  the 
increase  of  the  nitrogen  content  results  in  tlie 
deterioration  of  the  HAZ  toughness  because  of 
the  increase  oi  nitrogen  in  solid  solution. 
Btit  when  the  steel  contains  boron,  the  experi¬ 
mental  test  results  of  tlie  influence  of  nitro¬ 
gen  on  the  simulated  HAZ  toughness.  Figure  5, 
showed  the  reverse  trend.  Fig. 5  also  shows  the 
effect  of  boron  addition  on  the  simulated  HAZ 
toughness,  and  a  noticeable  improvement  of  the 
toughness  was  observed  by  the  small  amount  of 
heron  addition. 

Small  boron-nitride  precipitates  in  the 
simulated-HAZ  samples  was  observed  by  electron 
microscope  in  the  boron-bearing  steel.  Boron- 
nitrides  were  supposed  to  promote  the  ferrite 
formation  during  the  austenite-ferrite  trans¬ 
formation  in  the  HAZ  and  to  have  contributed  to 
decrease  nitrogen  in  solid  solution,  and  to 
improve  tlie  toughness  of  the  HAZ. 


Table  3  The  Range  of  Chemical  Composition  of  the  Investigated  Steel 


c 

Si 

Mn 

Ni 

Ti 

sol . A1 

E 

N 

0.001 

0.0001 

0.0008 

0.06 

0.15 

1.40 

1 

0.40 

0.01 

d 

0.060 
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d 

0.0034 
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(a)  0 . 030Al-50ppmN 

Fig. 6  The  Influence  of  Boron  content  on  the 
toughness  of  the  .simulated  HAZ 
(maximum  heating  temperature  :  ISSO^C) 


However,  there  must  be  the  optimum  amount 
of  nitrogen  to  promote  the  mechanicm  as  men¬ 
tioned  above,  and  too  mucli  nitrogen  content 
might  deteriorate  tlie  toughness. 

The  Influence  of  Aluminum  with  Boron  on 
the  HAZ  Toughness  -  Fig. 6  shows  the  influence 
of  boron  contents  on  the  simulate  HAZ  toughness 
at  two  levels  o£  the  aluminum  contents:  O.OTO 
wt%-Al  and  0.007wt%-Al.  As  shown  in  Fig. 6,  the 
influence  of  boron  has  remarkably  different 
trends  between  with  0.030%-M  and  0.007%-Al. 

When,  the  steel  contained  0.030%-Al  the 
excessive  amount  of  boron  addition  of  more  than 
lOppn  extremely  deteriorated  the  toughness  at 
the  relatively  high  cooling  rate  (t800-500= 
60sec.),  although  it  improved  the  toughness  at 
the  low  cooling  rate  (tG00-5OO=  ISOsec . ) . 

This  can  be  interpreted  by  the  interaction 
among  boron,  aluminum  and  nitrogen;  that  is, 
aluminum  is  thought  to  hinder  some  how  the 
formation  of  boron-nitride  and  the  more  excess¬ 
ive  boron  strongly  hardens  the  HAZ  structure 
when  the  cooling  rate  is  relatively  faster. 

Or.  the  other  hand  lowering  aluminum 
promotes  the  formation  of  boron-nitride  by 
increasing  nitrogen  in  solid  solution.  And 
even  at  relatively  high  cooling  rate  the  HAZ 
toughness  was  greately  improved  by  Increasing 
boron  up  to  15ppm  when  the  aluminum  content  was 
nearly  trace,  as  shown  in  Fig. 6(b). 

The  Influence  of  Titanium  with  Boron  on 
the  HAZ  Toughness  -  From  the  above  experiments 
we  concluded  that  low  Al-medium  N-B  steel  has  a 
trend  to  Improve  the  HAZ  toughness.  In  this 
experiment,  the  content  of  titanium  was  kept  at 
constant  value  of  0.0)0%.  Because  it  is  gener¬ 
ally  recognized  that  a  small  amount  of  titanium 


B  (ppm) 

(b)  0 . 007Al-50ppraN 


does  not  Impair  HAZ  toughness  but  improves  it. 

Titanium  is  one  of  the  strong  nitride- 
formers,  and  almost  all  titanium  combines  with 
nitrogen  if  tlie  total  content  of  titanium  is 
small  compared  with  the  required  amount  in 
equilil'rium  to  form  nitride.  Therefore,  tita¬ 
nium  was  added  to  control  tlie  initial  nitrogen 
content  in  solid  solution  at  the  peak  tempera¬ 
ture  during  cooling. 

DISCUSSION 

To  confirm  the  above  experimental  results, 
we  investigated  the  balance  of  nitrogen  in  the 
simulated  HAZ  under  high-heat-input  welding 
comparing  the  actual  analyzed  values  of  nitride 
with  values  calculated  by  solubility  limit  in 
equilibrium.  In  calculating  we  hypothesized 
that  the  values,  extracted  independently  from 
Fe-Ti-N,  Fe-Al-N  and  Fe-B-N  systems  as  shown 
below  [ 13] [  14]  [  15]  ,  were  available  for  Fe-Ti- 
Al-B-N  system. 

log[Al][N]  =  -8960/T  +  2.70  (1) 

log[B][N]  =  -13970/T  +  5.24  (2) 

log[Ti|[N]  =  -16192/T  +  4.72  (3) 

Fig. 7  and  Fig. 8  show  the  difference  between  the 
value  of  (Ti  as  Tih) /total  Ti  and  (B  as  BN) 
/total  B,  calculated  with  a  solubility  limit  in 
equilibrium  of  1350°C,  and  the  analyzed  value 
in  the  simulared  HAZ,  which  had  a  cooling  time 
of  800°C  to  500°C  in  60  seconds. 

In  the  case  of  TIN,  the  calculated  values 
coincident  with  the  analyzed  ones  very  well.  In 
the  case  of  BN,  the  calculated  values  are  com¬ 
pletely  different  from  the  analyzed  ones.  The 
latter  comparison  indicates  that  almost  all 
boron  exists  as  soluble  boron  when  kept  at  a 
high  temperature  for  a  long  time,  as  in  the 
instance  of  hlgh-heat-input  welding.  However 
boron  precipitated  as  BN  during  cooling  before 
austenite-ferrite  transformation. 


219 


i 


0  10  20  30 

B  (ppm) 


Fig. 7  The  Influence  of  sol.Al,  B  and  N  content 
on  the  ratio  of  (Ti  as  TIN)  to  total  T1 
in  the  simulated  HAZ 
maximum  heating  temperature  :  1350‘’C 
t800-500  :  60  sec. 


700  900  1100  1300  1500 

maximum  heating  temperature  (°C) 


Fig. 9  The  Influence  of  the  maximum  heating 
temperature  on  the  amount  of  sol.N  in 
the  simulated  HAZ 
sol.Al  ;  0.001% 

R  ;  28ppro 
!1  ;  68ppm 


0  10  20  30 


B  (ppm) 

Fig. 8  The  Influence  of  .sol.Al  and  B  on  th" 
ratio  cf  (B  as  BK)  to  total  B  in  the 
simulated  HAZ 

maximum  heating  temperature  :  IISO'C 
t800-500  :  60  sec. 

N  content  ;  60ppm 


Fig. 8  also  shows  that  in  medium  (0.039%) 
Al-high  B  steel  some  amount  of  the  boron 
remains  in  solid  solution.  Soluble  boron  tends 
to  accelerate  bainite  and/or  martensite  trans¬ 
formation,  and  results  in  deterioration  of  the 
HAZ  toughness.  This  confirms  that  lowering  the 
amount  of  aluminum  is  very  effective  to  dimin¬ 
ish  the  detrimental  effect  of  soluble  boron. 


Fig. 9  shows  the  influence  of  the  maximum 
heating  temperature  on  the  amount  of  soluble 
nitrogen  in  the  simulated  HAZ.  As  a  result  of 
the  precipitation  of  TiN  and  EK,  soluble  nitro¬ 
gen  is  reduced  to  below  lOppm  at  various 
heating  tempeiature.  This  is  why  low  Al-high  B 
steel  indicates  sufficient  toughness  in  the  all 
regions  of  the  HAZ. 

From  the  above  investigation  we  confirmed, 
controlling  the  amounts  aluminum,  boron  and 
nitrogen  in  titanium  treated  steel,  that  the 
increase  of  TiN  and  BN  can  toughen  the  welded 
joints  significantly. 

DEVEICPMENT  OF  A  l.EW  TYPE  OF  STEEL  FOR  OFFSHORE 
USE 

From  the  above-mentioned  experimental 
study  we  have  developed  a  new  type  of  steel 
which  preserves  its  strength  and  low-tempera¬ 
ture  toughness  even  at  a  high-heat-input 
welding.  The  chemical  composition  of  this 
steel,  the  properties  of  the  base  metal  and  the 
properties  of  the  welded  joint  are  shown  in 
table  4,  5  and  6  respectively. 

This  steel  is  characterized  by  Nb-Ti-B 
r.lcroalloying ,  reduced  aluminum  and  balanced 
nitrogen  content.  An  accelerated  cooling 
process  was  applied  to  maintain  the  specified 
strength  with  a  sufficient  toughness  for 
38mni-thick  of  VS  BOOMPa  steel  plate. 

The  test  results  showed  that  tlie  base 
metal  and  the  HAZ  have  very  high  values  of 
Charpy  impact  absorbed  energy  at  -60°C. 
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Table  4 


Chemical  Composition 


(wt  %) 


c 

Si 

Mn 

s 

Nb 

B 

Sol. 
_AJI  , 

N 

Ceq 

*  * 

p 

0.08 

_ 1 

1  0.14 

1.50 

0.009 

0.002 

0.007 

0.009 

0.0015 

0.004 

0.0044 

;  0.33 

1  i 

0.17 

*Ceq  =  C 

*  *  p  ^  p 

tern 


Mn  Cu+Ni  Cr+Mo+V 

—  +  -  +  - 

6  15  5 

Si  Mn  Cu  Mi  Cr  Mo  V 

—  +  —  +  —  +  —  +  —  +  —  +  —  +  5B 

30  20  20  60  20  15  10 

Table  5  Properties  of  the  Base  Metal 


Thickness 

( mm ) 

Thickness 

position 

Tensile  test 

Charpy  impact  test 

NRL  test 

Direction 

YS(MPa) 

TS(MPa) 

'  (  J)  1 

DirectionjvE  _6  q  1  vTs  (  “C  ) 

NDTT( °C ) 

38 

l/4t 

Transverse 

402 

527 

—  1 

28.5 

Longitu-  1 

dinal  276  ^  -80 

-70 

_ 

>  Table  6  Properties  of  the  Welded  Joint 


Thickness 

Welding 

Heat  input 
( KJ /mm) 

Charpy  impact  test 

( mm ) 

method 

TS ( MPa ) 

Notch  position 

P  (0)  ^ 

VE  -4  0 

p  ( J) 

vE  -6  0 

Fusion  line 

273 

231 

SAW 

5 

547 

HAZ  1mm 

294 

264 

HAZ  3mm 

294 

256 

38 

EGW 

Fusion  line 

165 

174 

( eiectrogas 

arc 

20 

528 

HAZ  1mm 

267 
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welding ) 

HAZ  3mm 

294 

166 

Compared  with  conventional  steel  (such  as 
Cu-Mi-Nb-Tl  steel  as  shown  in  Fig. 4)  this  new 
steel  has  superior  HAZ  toughness  even  in 
20kj/imn  heat-input  welding. 

This  results  from  the  refined  ferrlte- 
-pcarlite  microstructure  in  the  HAZ  of  this 
type  of  steel,  as  shown  in  Fig.  10.  As  far  as 
welded  Joint  strength  is  concerned,  this  steel 
meets  the  requirement  of  TS  500Kl'a  class  steel, 
even  in  hlgh-lieat-input  welding,  due  to  the 
effect  of  niobium,  as  shown  in  Fig. 11. 

Furthermore,  the  CTOD  behavior  of  this 
steel  was  examined  because  excellent  CTOD 
characteristics  in  HAZ  have  become  Increasingly 
demanded  in  steel  for  offshore  structure  to 
secure  against  brittle  fracture. 

In  the  CTOD  characteristics  of  HAZ  the 
occurrence  of  a  local  brittle  zone  (LBZ)  is 
recognized  as  something  which  deteriorates 
fracture  toughness.  Here  the  LBZ  is  defined  as 
the  coarse  grain  region  which  is  reheated  in 
the  ferrite-austenite  region  by  the  subsequent 
weld,  but  not  reheated  more  than  450‘’C  by  the 
following  weld.  Recent  investigations  (16)fl71 
flF)  have  pointed  out  the  noticeable  influence 


of  the  N-A  constituent  precipitation  and  the 
grain  size  in  HAZ. 

The  HAZ  microstructure  of  this  steel  is 
controlled  by  the  profitable  selection  of 
microalloying  elements,  as  mentioned  before. 
This  steel  is,  therefore,  expected  to  have 
excellent  CTOD  characteristics  in  HAZ.  Then  we 
examined  the  CTCD  properties  of  this  steel  with 
a  small-sized  specimen  in  which  the  weld 
thermal  histories  had  been  simulated  corre¬ 
sponding  to  Ikj/mm  and  lOkj/mm  heat-input. 

Test  results  of  three  thermal  cycles,  e.g. 
reheating  up  to  1350°C,  1350°C  +  800°C  and 
1350'C  +  800°C  +  450°C,  are  shown  in  Fig. 12  to 
provide  comparisons  with  conventional  steel. 
The  deteriorated  CTOD  characteristics  of  this 
steel,  thermal  cycled  with  1350°C  +  800°C,  are 
recovered  through  the  subsequent  430°C  re¬ 
heating  as  occurres  in  conventional  steel.  But 
the  feature  of  this  steel  is  to  show  excellent 
CTOD  characteristics  in  high-heat-lnput 
welding,  although  even  in  relatively  low-heat- 
input  welding  this  steel  shcw.s  better  CTOD  than 
conventional  steels  do. 


Fig. 10  Comparison  of  the  welded  joint 

microstructures  between  Cu-Nl-Nb-Ti 
steel  and  low  A1  Nb-Ti-B  steel 
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Fig. 11  Change  of  the  welded  joint  strength 
according  to  the  heat  input 


(a)  Heat  input  IKJ/mm  (b)  Heat  input  lOKJ/mm 


Fig. 12  Comparison  of  CTOD  characterict ic  of 

LBZ  between  conventional  steel  and  low 
Al-Kb-Ti-B  steel 


CONCLUSION 

Systematic  investigation  of  the  influence 
of  microalloying  elements,  which  include 
niobium,  titanium,  boron,  nitrogen  and  alumi¬ 
num,  on  the  properties  of  hlgh-heat-input 
welded  joints  showed  that: 

A  small  amount  of  niobium,  less  than 
0.010%,  is  beneficial  in  maintaining  the 
strength  of  the  welded  joints  without  notice¬ 
able  deterioration  of  toughness; 

Titanium  can  control  the  available  nitro¬ 
gen  level  needed  for  an  adequate  amount  of  BN 
precipitation,  in  addition  to  its  usefulness  In 
the  suppression  of  the  HAZ  austenite  grain 
growth; 

Boron  plays  quite  an  important  role  in  the 
microstructure  control  of  the  HAZ.  Boron  can 
combine  with  nitrogen  during  the  cooling 
process  at  the  welding  owing  to  its  high 
diffusion  rate.  The  formed  BN  precipitates 
extremely  well  and  promotes  the  formation  of 
ferrite.  This  results  in  improving  the  HAZ 
toughness,  even  though  in  high-heat-lnput 
welding,  where  TiN  loses  its  effect  of  tough¬ 
ening  the  HAZ; 

The  nitrogen  content  should  be  balanced  to 
produce  adequate  amounts  of  TiN  and  BN  which 
co-operate  to  toughen  the  HAZ; 

Lowering  the  amount  of  aluminum  reduces 
the  amount  of  nitrogen  fixed  as  AIN,  promotes 
the  combining  of  nitrogen  with  boron  during 
cooling  process,  even  at  relatively  fast 
cooling  rate,  and  this  results  in  keeping  the 
ll.AZ  toughness  at  various  cooling  rates. 

From  tlie  above  experimental  results  we 
have  developed  a  new  type  of  steel  for  offshore 
use.  This  steel  shows  sufficient  toughness  at 
-60°C  not  only  in  the  base  metal  hut  In  all 
positions  in  the  HAZ  even  at  2 Ok j /mm  high-heat- 
input.  In  addition  to  that,  it  is  confirmed 
that  this  steel  has  excellent  CTOD  characteris¬ 
tics  under  a  wide  range  of  welding  conditions. 
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Abstract 

High  strength  steel  plates  have  been  used 
in  Japan  to  build  merchant  ships  for  the  past 
two  decades.  The  main  purpose  of  using  high 
strength  steel  plates  exists  in  the  reduction  of 
weight  of  ship  structures  which  realizes  high 
performance  of  ships  such  as  low  consumption  of 
fuel.  The  high  strength  steel  plates  for  ship 
hull  structure  had  the  yield  strength  of  315  MPa 
in  the  early  days.  In  recent  years,  however, 
the  yield  strength  was  Increased  to  390  MPa. 

This  trend  in  using  higher  strength  steel  plates 
owes  to  the  progress  in  technologies  of  steel 
plate  manufacturing  and  ship  design  and 
construction.  Significant  progress  in 
manufacturing  technique  includes  the  development 
of  thermo-mechanical  control  process  (TMCP). 

The  TMCP  technique  significantly  contributes  to 
the  increase  in  strength  of  steel  plates, 
improvement  of  weldability  and  toughness  of 
welded  joints  and  reduction  of  consumption  of 
resources . 

The  TMCP  has  been  applied  to  the  production 
of  steel  plates  to  Increase  yield  strength 
further  without  deteriorating  weldability  and 
toughness  of  welded  joints  made  by  high  heat 
input  welding.  The  390  MPa  yield  strength  steel 
plates  and  their  welded  joints  made  with  heat 
input  ranging  from  15  to  27  kJ/mm  are  studied 
using  ordinary  mechanical  tests  as  well  as  small 
and  large  scale  fracture  mechanic.s  tests  to 
prove  their  good  performance  in  actual  use. 

With  these  kinds  of  test,  the  390  MPa  yield 
strength  steel  plates  have  been  successfully 
applied  to  very  large  merchant  ships  such  as 
bulk  carriers. 

High  strength  steel  plates  which  are 
weldable  with  heat  input  as  large  as  20  kJ/mm 
are  also  required  in  building  mobile  offshore 
drilling  units  such  as  semi-submersible  rigs  and 
caisson  rigs.  The  development  and  qualification 
test  of  915  and  450  MPa  yield  strength  steel 
plates  have  been  performed  to  fulfill  those 


requirements.  The  use  of  TMCP  technique  is 
again  essential  to  produce  these  steel  plates 
The  qualification  tests  including  mechanical 
and  fracture  mechanics  tests  prove  that  they 
can  be  applied  to  the  construction  of  mobile 
offshore  drilling  units  to  be  operated  in  the 
Arctic  region. 

The  merits  of  using  high  strength  steel 
plates  produced  by  TMCP  in  the  actual  design 
and  construction  of  ships  are  also  discussed. 

1.  Introduction 


The  TMCP  of  Kawasaki  Steel's  version  is 
named  MACS  iMulti-purpose  accelerated  cooling 
systeml,  in  which  controlled  rolling  is 
followed  by  accelerated  cooling.  Benefits  of 
MACS  plates  are  summarized  in  Table  1.  Taking 
advantage  of  benefits  obtained  by  MACS,  new 
plates  with  higher  strength,  lower  temperature 
toughness  and 
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heavier  thickness  have  been  developed.  More 
than  a  half  million  tons  of  MACS  plates  have 
been  produced  for  ships,  mobile  offshore 
drilling  units  and  fixed  type  offshore 
stijctures  such  as  jackets,  and  large  diameter 
linepipes 

Shipbuilders  require  steel  plates  which 
have  excellent  heat  affected  zone  (HAZ) 
toughness  when  welded  with  high  heat  input. 

Large  ships  have  many  portions  which  are 
constructed  with  plates  of  large  size  at  ship 
yards.  Shipbuilders  want  to  decrease  the  number 
of  welding  passes.  They  also  want  to  use 
one-side  welding  because  they  do  not  want  to 
turn  over  large  pannel  plates.  For  30mm  thick 
plates,  for  example,  one-side  one-pass  welding 
is  used. 

Mobile  offshore  drilling  units  such  as 
semi-submersible  rigs  and  cal sson- retained 
islands  used  in  the  North  Sea  and  the  Arctic 
region  need  steel  plates  with  good  toughness  at 
low  temperatures.  For  these  structures  whose 
minimum  service  temperature  is  -SO^C,  a  ship 
rule  such  as  ABS  rule  requires  the  2mm  V- 
notched  Charpy  absorbed  energy  of  45.T  at  -80°C 
for  a  special  application  structure.  The  steel 
plate  for  this  purpose  requires  Ki  content  of 
more  than  1.01^  when  produced  by  normalizing 
process.  As  a  result,  the  plate  is  expensive 
and  does  not  have  good  weldabilif .  The  MACS 
process,  on  the  other  hand,  can  reduce  carbon 
equivalent  fCeq)  sufficiently  to  attain 
excellent  low  temperature  toughness  with  Che  N1 
content  of  less  than  0.5%. 

This  paper  describes  fundamental  concept  of 
strengthening  and  Improvement  of  HAZ  toughness 
in  high  heat  input  welding  and  examples  of  newly 
developed  high  strength  steel  plates.  The  test 
results  of  HAZ  toughness  of  actual  welded  joints 
made  witli  high  heat  inputs  are  mainly  described 
for  a  YP400MPa  grade  for  ships  and  a  YP460MPa 
grade  for  mobile  offshore  drilling  units  which 
are  highest  grades  in  both  structural  steels 
used  so  far. 


2.  Strengthening  and  improvement  of  toughiies.s  by 
ACC 

Figure  1  shows  a  schematic  drawing 
representing  the  difference  between  MACS  and 
conventional  processes.  The  MACS-ACC  is 
suitable  for  plates  thinner  than  75mm  and  the 
MACS-DQT,  for  over  75mm  in  thickness.  The  MACS 
plates  described  in  this  paper  are  thl  mer  than 
40mro  and  were  produced  by  MACS-ACC  which  gives  a 
itican  cooling  rate  of  about  10°C/s.  Controlled 
rolling  was  followed  by  accelerated  cooling. 

The  finish-rolling  temperature  was  800°C  for  AH 
and  DH  grade  plates  in  ship  rules  and  Ar^ 
temperature  for  mobile  offshore  drilling  units. 

The  yield  strength  (YS1  and  tensile 
strength  l^TSl  obtained  by  ACC,  CR  and 
normalizing  for  steels  with  various  Ceq  values 
is  shown  in  Fig.  2.  The  figure  indicates  that 
the  ACC  process  increases  YS  by  about  lOOMPa 
comparing  with  the  normalizing  process. 


Fig.l  Schematic  drawings  of  normalizing, 

controlled  rolling  (CR,KTR1  and  MACS 
process  (ACC,DQ) 
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Fig. 2  Relation  between  carbon  equi'-alent  and 
tensile  properties  for  Si-Mn  steel 
plates  obtained  by  ACC,  CR  and 
normalizing  (Norma) 
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Figure  3  shows  the  relation  between  Ceq  of 
steel  and  HAZ  toughness.  This  relation  was 
obtained  using  synthetic  HAZ.  The  cooling  time 
from  800°C  to  500°C  in  the  thermal  cycle  was 
230  sec,  which  is  corresponding  to  the  heat 
input  of  20kJ/mm.  The  decrease  of  Ceq  is  useful 
to  improve  HAZ  toughness.  This  improvement 
results  from  the  change  in  HAZ  microstructure 
from  bainite  to  ferrite,  which  is  realized  by 
th.e  reduction  of  Ceq. 

The  Improvement  of  HAZ  toughness  through 
tempering  effect  of  the  subsequent  welding 
passes  can  not  be  obtained  in  the  case  of  one 
pass  or  two  pass  welding.  Therefore, 
improvement  of  HAZ  toughness  through  the 
reduction  of  Ceq  and  microalloying  elements  in 
steel  is  very  important.  The  ACC  process  is 
useful  not  only  for  development  of  higher 
strength  steel  but  also  for  Improvement  of 
weldability  of  ordinary  steels  through  reduction 
of  Ceq. 


Synthetic  HAZ 

Peak  temperature  1350"C 

Ttne  from  800'C  to  500*C:  2308  (Correspoodirg  to 
20kJ/mrTi  for  2Smni  thick  plate) 


Fig. 3  Effect  of  carbon  equivalent  of  steel  on 
synthetic  HAZ  toughness,  CVN  absorbed 
energy  at  -20°C  (vE-20) 

inv.r  O.’Sv.Si  I  35'/.Mn-001bV.P  0004V,S-002V.AI- 

)00bV.HFM  0006-002?%T|  -  00OI3-0OO62V.N-0f/.Cr -03f/,Ni-003%V 
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Fig. 4  Effect  of  content  ratio  of  titanium  to 
nitrogen,  Ti/N,  on  synthetic  HAZ 
toughness,  CVN  50%  FATT 


3.  Improvement  of  HAZ  toughness 

In  addition  to  the  reduction  of  Ceq 
mentioned  above,  the  addition  of  Ti  and  rare 
earth  element  which  mainly  consists  of  Ce  and  is 
called  REM  is  effective  in  improving  HAZ 
toughness  in  high  heat  input  welding.  Figure  4 
shows  the  effect  of  the  ratio  of  Ti  to  N,  Ti/N, 
on  HAZ  toughness.  The  HAZ  toughness  (CVN  50% 
FATT)  is  excellent  in  the  region  of  Ti/N  ranging 
from  2  to  3.5  when  the  heat  input  is  between  3 
and  20kJ/mm.  This  preferable  region  is  related 
to  the  small  size  of  TiN  precipitate,  which  is 
smaller  than  0.04pm  in  diameter.  Small 
precipitates  of  TiN  inhibit  y  grains  from 
coarsening  in  HAZ. 

The  RFM  forms  FEM-oxisul f ides  as  indicated 
by  REM(0,S),  which  inhibit  y  grains  from 
coarsening  when  exposed  to  thermal  cycle  of  high 
temperature  and  work  as  nuclei  of  ferrites 
Inside  y  grains  during  cooling  after  welding. 

The  TIN  precipitates  are  resolved  and  have 
little  effect  as  inhlblters  when  heated  up  to 
1400°C.  On  the  other  hand,  the  REM(0,S)'s  are 
not  resolved,  sc  that  they  are  effective  even  at 
that  temperature.  Figure  5  schematically 
illustrates  the  effects  of  TiN  and  R  :i(0,S)  on 
ralcrostructure  of  HAZ  exposed  to  high 
temperatures  In  welding. 

The  reduction  of  impurities  such  as  N,  .5 
and  P  improves  KAZ  toughness  in  high  heat  input 
welding.  Fspecially  soluble  N  in  matrix  and  N 
resolved  from  TiN  during  welding  deteriorate  not 
only  HAZ  but  also  weld  metal  because  of  dilution 
of  N  from  HAZ.  In  case  of  Ti-B  bearing  weld 
metal,  weld  metal  toughness  is  more  deteriorated 
by  diluted  N  which  decreases  acicular  ferrite  in 
the  microstructure  of  weld  metal  because  diluted 
N  combines  with  soluble  R  to  form  RN 
precipitates.  Therefore,  nitrogen  content  of 
modern  plates  is  usually  reduced  to  below  40ppm. 


Fig. 5  Schematic  model  showing  the  effect  of 
TIN  and  REMf0,S)  on  the  size  of 
austenite  grain  in  HAZ 
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4.  HAZ  softening  in  high  heat  input  welded  joint 

From  the  view  point  of  HAZ  toughness 
improvement,  the  red-ctlon  of  Ceq  is  preferable 
as  mentioned  above,  but  it  is  accompanied  by  HAZ 
softening. 

Figure  6  shows  the  relationship  between  Ceq 
of  steel  and  tensile  strength  of  welded  joint. 
The  relation  was  obtained  by  performing  tensile 
test  of  actual  welded  joints.  The  specimen  was 
of  NK  U2A.  The  steel  plates  had  various  Ceq 
values  and  were  welded  with  heat  input  ranging 
from  15  to  25  kJ/mm.  To  obtain  the  required 
tensile  strength  of  welded  joints,  the  reduction 
of  Ceq  must  be  limited. 


Fig. 6  Relation  between  tensile  strength  of 

welded  joints  and  Ceq  of  steel  plates. 
The  specimen  size  of  welded  joints 
follows  NK  U2A  of  NK  rule. 
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Fig. 7  Vickers'  hardness  distribution  over  the 
distance  from  the  simulated  fusion 
lines  of  steel  plates  produced  by 
MACS-ACC. 


Figure  7  shows  the  effect  of  the  addition 
of  a  small  amount  of  Nb  on  hardness  distribution 
in  HAZ.  The  addition  of  0.005%  Nb  is  effective 
to  prevent  HAZ  softening.  The  addition  of  Nb 
has  often  been  disliked  in  the  HAZ  toughness 
aspect.  However,  a  small  amount  of  Nb,  which 
does  not  exceed  0.015%  for  high  heat  input 
welding  and  0.03%  for  low  heat  input  welding, 
does  not  deteriorate  HAZ  toughness  as  shown  in 
Fig.  8  and  furthermore  it  is  useful  for 
strengthening  in  ACC  process. 

In  the  normalizing  process,  Nb  in  steel  does 
not  raise  strength  because  of  formation  of 
coherent  Nb(C,N')  precipitates.  In  the  ACC 
process,  on  the  other  hand,  it  raises  strength 
because  of  formation  of  balnltic  structure  which 
results  from  soluble  Nb.  It  is  well  known  that 
soluble  Nb  is  effective  in  refining  grain  size 
of  ferrite  and  bainite  through  formation  of 
deformation  bands  during  controlled  rolling. 
Therefore,  a  small  amount  of  Nb  is  indispensable 
for  producing  good  low  temperature  toughness 
steel  plates  for  high  heat  input  welding. 

Figure  9  shows  the  relation  between  Ceq  of 
steel  and  weld  cracking  susceptibility  obtained 
using  CTS  test  with  the  heat  input  of  0.5  kJ/mm. 
When  Ceq  is  above  0.38%,  weld  cracking  easily 
occurs.  Therefore,  Ceq  should  not  be  above 
0.38%. 
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Fig. 8  Effect  of  Nb  content  on  synthetic  HAZ 
toughness 
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Fig. 9  Relation  between  preheat  temperature  to 
prevent  weld  cracking  determined  by  CTS 
test  and  Ceq  of  steel  plate 
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5.  Newly  developed,  high  strength  and  low 
temperature  toughness  steel  plates 

Examples  of  newly  developed  steel  plates 
for  ships  and  mobile  offshore  drilling  units  are 
shown  In  Table  2.  Three  grades  of  steel  plates, 
YP320MPa,  YP360MPa  and  YPAOOMPa,  have  been 
developed  and  used  for  ships,  and  four  grades, 
'v?320MPa,  YP360K?a,  TP420MPa  and  YP460MPa,  for 
mobile  offshore  drilling  units. 

This  paper  describes  the  mechanical 
properties  of  A  and  E  class  YP400MPa  grade  steel 
plates  (Y40A  and  Y40E)  for  ships  and  those  of 
YP470MPa  grade  steel  plate  ('Y47S)  for  mobile 
offshore  drilling  units  as  examples.  The 
chemical  compositions  of  the  steel  plates  are 
shown  In  Table  3.  They  are  characterized  by  low 
Ceq,  Nb-REM-Tl  bearing  and  low  impurities  of  P, 

S  and  N.  The  contents  of  REM  and  Ti  are  60ppm 
and  0.007%,  respectively.  The  mechanical 
properties  of  these  plates  are  shown  In  Table  4. 

Table  2  List  of  newly  developed  TMCP  (MACS) 
plates  for  ships  and  mobile  offshore 
drilling  units 

MACSplatM 


Grad* 

(MPa) 

YP320 

YPseo 

YP400 

for  ships 

Test 

Tsmp.* 

o»c 

-20°C 

Thick. 

40mm 

for  mobiis  drifilng 
units 

Grade 

(MPa) 

YP320 

YP360 

YP420 

YP460 

Temp.* 

0°C 

-20°C 

-40*C 

-60°C 

-80' C 

Thick. 

40mm 

• :  Ch*n>y  Impwt  tamp. 


Table  3  Chemical  compositions  of  AH40,  EH40 
and  EH47  modify  grade  steel  plates 


(wt7o) 


jteel 

C 

Si 

Mn 

P 

5 

Al 

Cu 

Ni 

Nb 

N 

Ceq 

KM 

Pem 

A 

015 

034 

1.18 

0012 

0002 

0033 

— 

— 

0.015 

00035 

035 

022 

E 

009 

034 

141 

0012 

0002 

0035 

— 

— 

0016 

00035 

033 

017 

5 

0095 

029 

1  34 

0007 

0002 

0027 

026 

027 

0018 

00031 

035 

019 

b  lb  b 


REM-Ti  Treatment 


UK  Prm-r*  Si  ,Mn*Cr*Cu  ,  Ni  Mo  V  c-r. 
Pcm-C»  3Q  20  W  15  10 


Table  4  Mechanical  properties  of  AH40,  EH40 
and  EH47  modify  grade  steel  plates 


Plate 

Grade 

Steel 

Thickness 

(mm) 

V  S 
(MPa) 

T  S 
(MPa) 

E  1 
(7.) 

vE.40 
( J) 

''E-60 
(  J) 

vE-bo 
(  J) 

Y40A 

AH  40 

A 

30 

436 

564 

30 

263 

196 

137 

Y40E 

EH40 

E 

25 

441 

549 

3  1 

314 

307 

309 

y47S 

EH47mod. 

S 

30 

510 

637 

25 

— 

234 

222 

(Longitudinal  Direction) 
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The  steel  was  refined  by  an  LD  converter  and 
continuously  cast  into  slabs,  which  were 
controlled-rolled  to  30nun  in  thickness,  followed 
by  accelerated  cooling  in  the  MACS  facility. 

Figure  10  plots  crack  arrest  toughness, 

Kca,  obtained  by  ESSO  test  vs.  temperature.  The 
relationship  for  the  less  than  0.5%  Ni  bearing 
steel  plates  made  by  normalizing  is  Indicated  by 
a  hatched  zone.  The  Kca  values  of  Y40E  and  Y47S 
are  higher  than  those  of  the  normalized  plates. 
Good  crack  arrestablllty  Is  one  of  the 
characteristics  of  MACS  plates. 

The  following  crack  arrest  toughness  has 
been  reported  as  a  requlrementj, to  the  steel 
plates  for  ship  hull  structure  . 

Kca  >  400'''600kgf/mm/mni^  n24'''186MPa/m) 

As  the  Kca  value  of  Y40A  plate  Is  more  than 
bOOkgf/fSn/mm^  at  -20°C,  is  has  sufficient  crack 
arrestablllty  as  a  crack  arrester. 

The  crack  arrest  toughness  required  to  the 
steel  plates  for  mobile  offshore  drilling  units 
are  still  to  be  determined.  If  the  same  crack 
arrest  toughness  requirement  Is  applied, 
however.  It  is  satisfied  at  -68°C.  Thus,  it  Is 
concluded  that  this  plate  can  be  used  as  a  crack 
arrester  in  the  Arctic  region. 


Fig. 10  Temperature  dependence  of  Kca  for  EH40 
and  El'47  modify  grade  steel  plates 
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The  welded  joints  of  Y40A,  Y40E  and  Y47S 
steel  plates  were  made  using  various  kinds  of 
submerged  arc  weldlng(SAW) .  Multi-pass  SAW  was 
applied  to  Y47S  plate  with  heat  Input  of  5kJ/tnm, 
one-side  two-pass  SAW  for  Y40A,  Y40E  and  Y47S 
plates  with  heat  Inputs  of  15.1  and  10.8  kj/mm, 
and  one-side  one-pass  SAW  for  Y40A  plate  with 
16.6kJ/mm,  Y40E  plate  with  14.9kJ/mm  and  Y47S 
plate  with  20.2kJ/ram. 

Schematic  drawings  of  welded  joints  and 
notch  positions  In  Charpy  and  CTOD  test 
specimens  are  shown  In  Fig.  11.  Figure  12  shows 
the  CVN  absorbed  energy  at  either  0°C  or  -20°C 
for  the  notch  positions  of  weld  metal  ('WM)  , 
fusion  line  (FLl  and  heat  affected  zones  of  1 ,  3 
and  5ram  apart  from  FL.  The  test  temperature 
was  0°C  for  Y40A  welded  joint  and  -20°C  for 
Y40E.  All  the  welded  joints  of  these  plates 
have  sufficient  absorbed  energy  values  to  meet 
the  requirements  for  DH  and  EH  grades  as 
specified  In  the  rules  for  ship  null  structures. 

Figure  13  shows  the  CVN  absorbed  energy 
values  at  -40  and  -60°C  for  all  notch  positions 
of  Y47S  welded  joint  made  by  one-side  two-pass 
SAW.  The  CVN  absorbed  energy  at  -60°C  for 
fusion  line  Is  more  than  42J.  Furthermore  the 
welded  joint  of  this  plate  gives  the  CVN 
absorbed  energy  of  more  than  42J  at  -80°C  if 
multi-pass  SAW  Is  applied  with  the  heat  input  of 
5kJ/mm  as  shown  In  Fig.  14. 
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Fig. 12  CVN  Impact  absorbed  energy  value 
obtained  at  0°C  and  -20°C  for  the 
welded  joints  of  Y40A  and  Y40E  plates 
made  by  one-side  one-pass  SAW 


Fig. 14  CVN  Impact  absorbed  energy  valued 

obtained  at  -60°C  and  -80°C  for  the 
welded  joints  of  Y47S  plate  made  by 
multi-pass  SAW 
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Figure  15  shows  the  temperature  dependence 
of  CTOD  of  the  one-side  two-pass  SAW  joint  of 
Y47S.  A  calculation  with  the  assumption  that 
the  design  stress  is  0-80^0  ^°y0‘  specified 
yield  strength) ,  the  stress  concentration  factor 
is  2,  the  welding  residual  stress  is  as  large  as 
a  ,  and  the  surface  defect  is  0.25t  deep  and 
2.5t  long  where  t  is  thickness  gives  the 
required  CTOD  value  of  0.1mm  at  service 
temperture.  If  this  CTOD  requirement  is 
applied,  it  is  concluded  that  the  one-side 
two-pass  SAW  joint  of  Y47S  can  be  used  at  -20°C. 

The  ABS  rule  classifies  structures  into 
three  classes,  depending  on  which  Charpy  test 
temperature  is  determined  0  to  30°C  lower  than 
service  temperature.  In  the  case  of  a  special 
application  structure,  for  example,  the 
material  must  be  tested  at  -60°C  if  the  service 
temperature  is  -30°C.  At  each  test  temperature 
the  absorbed  energy  must  be  higher  than  42 J. 

Figure  16  summarizes  the  welding  conditions 
for  Y47S  steel  plate  and  the  fitness  as  offshore 
structures  on  the  basis  of  the  criteria 
mentioned  above.  In  the  figure,  the  mark  of 
circle  indicates  that  the  criteria  are 
satisfied.  One-side  one-pass  SAW  can  be  applied 
to  the  structure  whose  service  temperature  is 
-10°C,  one-side  two-pass  SAW  is  for  -30'’C,  and 
multi-pass  SAW  is  for  -SO'C. 
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Fig. 15  Temperature  dependence  of  CTOD  for  the 
welded  joint  of  Y47S  plate  made  by 
one-side  two-pass  SAW 
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Fig. 16  The  fitness  diagram  of  Y47S  plate  made 
according  to  criteria  of  CVN  absorbed 
energy  of  42J  and  CTOD  of  0.1mm 
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A  softened  zone  exists  in  the  welded  joint 
made  by  one-side  one-pass  SAW.  The  minimum 
hardness  in  the  softened  zone  drops  by  35  in  Hv 
number  for  the  weight  of  lOkgf  in  comparison  to 
the  base  plate,  while  the  tensile  strength  of 
the  welded  joint  is  blOMPa.  Even  if  a  local 
softened  zone  exists,  the  tensile  strength  of 
the  whole  welded  joint  satisfies  the  aiming 
value  when  the  strengths  of  both  base  plate  and 
weld  metal  are  appropriate.  The  tensile 
strengths  of  the  whole  welded  joints  made  by 
one-side  one-pass  and  one-side  two-pass  SAW  are 
shown  in  Fig.  6. 

The  maximum  hardness  test  according  to  JIS 
Z3101  and  the  Y  groove  restraint  weld  cracking 
test  according  to  JIS  Z3158  were  carried  out. 

The  maximum  hardness  values  for  the  bead  lengths 
of  10  and  50mm  were  329  and  284  in  Hv, 
respectively,  even  though  welding  was  performed 
at  0°C  without  preheating.  Weld  cracks  on  root 
face  and  cross  section  were  not  observed  in  the 
Y  groove  restraint  weld  cracking  test.  Thus, 
preheating-free  welding  is  possible  for  these 
steel  plates. 

6.  Conclusions 

The  reduction  of  carbon  equivalent,  the 
addition  of  small  amounts  of  Nb ,  rare  earth 
element  and  Tl,  the  reduction  of  Impurities  such 
as  N,  S  and  P  and  also  the  use  of  advanced  TMCP 
technique  have  made  it  possible  to  develop  high 
strength  steel  plates  of  YPAOOMPa  for  ships  and 
those  of  YP460MPa  for  mobile  offshore  drilling 
units  used  in  the  Arctic  region.  Preheat-free 
welding  and  high  heat  input  welding  can  be  used 
for  these  newly  developed  steel  plates. 

The  main  results  obtained  follow: 

1.  The  reduction  of  carbon  equivalent  in  steel 
is  effective  not  only  to  decrease  the 
susceptibility  to  weld  cracking,  but  also  to 
Improve  HAZ  toughness,  especially  in 

the  use  of  high  heat  input  welding. 

2.  The  addition  of  a  small  amount  of  Nb  is 
useful  for  grain-refinement  of  base  plate  and 
inhibiting  softening  of  HAZ  of  the  high  heat 
input  welded  joint.  The  Nb  content  of  not 
more  than  0.02%  does  not  deteriorate  HAZ 
toughness  of  the  high  heat  input  welded 
joint,  while  that  of  less  than  0.03%  is 
allowed  for  the  low  heat  input  welding. 

3.  The  additions  of  rare  earth  element  and  Ti 
and  the  reduction  of  impurities  such  as  N,  S 
and  P  improve  HAZ  toughness  of  the  high  heat 
input  welded  joint. 

4.  The  preferable  ratio  of  Tl  to  N  exists  in  the 
region  of  2  to  3.5. 

5.  A  YP400MPa  steel  plate  was  developed  for 
ships,  which  can  be  welded  by  one-side 
one-pass  SAW  with  the  heat  input  of  20kJ/mm. 

6.  A  YP460MPa  steel  plate  was  developed  for 
mobile  offshore  drilling  units  to  be  used  in 
the  Arctic  region.  One-side  one-pass  SAW, 
one-side  two-pass  SAW  with  the  heat  input  of 
15k.l/mm  and  multi-pass  SAW  with  the  heat 
input  of  5kJ/mra  can  be  used  for  service 
temperatures  of  not  lower  than  -lO'C,  -30°C 


and  -50°C,  respectively. 

7.  The  steel  plates  of  YP400MPa  and  YP460MPa  had 
good  crack  arrestability  which  is  a 
characteristic  property  of  the  TMCP  steel 
plates. 
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ABSTRACT 

A  number  of  developments  which  have  taken  place 
in  Australia  with  regard  to  high  strength  alloy 
and  low-alloy  steels  for  defence  applications 
such  as  naval  surface  ship  and  submarine 
construction,  and  armour  plate,  are  presented 
with  particular  emphasis  on  production 
experience,  mechanical  properties  and 
weldabi  1  ity . 

The  developments  have  utilised,  either  singly 
or  in  combination,  (i)  stringent  TMCP  schedules 
coupled  with  separate  ageing  treatments;  (ii) 
conventional  Q&T  heat  treatment  cycles  applied 
to  hot  rolled  plate  product;  (iii)  controlled 
additions  of  Nb,  V  and  Ti  for  grain  refinesient 
and  precipitation  hardening;  and  (iv)  additions 
of  Cu  and  Ni  for  matrix  toughness  and 
intermetal] ic  precipitation  hardening. 


TRADITIONALLY,  HY-80  and  HY-100  steel  plate 
grades  conforming  to  mL-S-16216  specification 
have  been  used  for  highly  stressed  areas  of 
decks,  steerage  surfaces  and  hulls  of  surface 
ships,  as  well  as  pressure  hulls  and  pressure 
tight  bulkheads  of  conventional  submarines. 

The  high  cost  associated  with  welding  these 
materials,  particularly  in  relation  to 
stringent  preheat  requirements  has  in  recent 
times  focussed  attention  on  the  development  of 
more  weldable  compositions  without  compromising 
on  strength  or  toughness.  The  efforts  made  in 
the  USA  in  the  last  few  years  to  permit  the 
usage  of  Q&T  ASTM  A710  conforming  steels  as  a 
more  weldable  alternative  to  HY-80  have  been 
particularly  successful.  At  present,  the  use 
of  this  steel  (known  as  HSLA-80)  has  been 
restricted  to  "non  critical"  applications  (ie. 
precluding  crack  arrest  structures,  ballistic 
plating  etc.)  and  generally  confined  to  plate 
thicknesses  in  the  range  of  6-19mm  (1/4  to 


3/4in)  thus  covering  the  ship  classes  of  small 
surface  combatants  and  selected  areas  of 
underwater  vessels  and  carriers. 

Much  of  the  impetus  behind  new  grade 
development  stems  from  the  advances  in  several 
key  steelmaking  technology  areas  over  the  last 
decade.  This  paper  will  describe  the 
utilisation  in  Australia  of  modern  steelmaking 
(BHP)  and  heat  treatment  (BIS)  facilities  to 
achieve  enhanced  properties  in  conventional 
HY-80/Hy-100  Q&T  grades  and  also  a 
thermomechanical )y  processed  (TMCP)  and  aged 
HSLA-80  grade  which  has  achieved  significant 
alloy  savings  over  the  hitherto  quenched  and 
tempered  ASTM  A710  type  grades.  It  will  also 
be  shown  that  these  same  advances  in 
steelmaking,  plate  processing  and  heat 
treatment  capabilities  have  enabled  the 
production  of  high  hardness  armour  plate  with 
very  good  low  temperature  toughness  and  room 
temperature  formability  and  excellent  ballistic 
properties . 

PROPERTY  REQUIREMENTS 

In  order  to  qualify  HY-80  and  HY-100  steel 
plate  for  use  in  highly  critical  naval 
structural  applications,  such  as  the  pressure 
hulls  of  submarines,  the  US  Naval  Sea  Systems 
Command  (NAVSEA)  have  specified  that  the  steels 
meet  several  tiers  of  mechanical  test 
requirements.  These  specifications  have  also 
been  adopted  by  the  Australian  Navy  for  similar 
applications.  The  mechanical  test 
specifications  include  tensile  strength, 
elongation  and  reduct ion-of-  area  requirements, 
as  well  as  stringent  toughness  and  shock 
resistance  requirements.  These  latter 
requirements  are  set  out  below; 

CHARPY  IMPACT  TESTS  -  Standard  test 
specimens  are  taken  3mm  below  the  plate  surface 
with  the  notch  perpendicular  to  the  plate 
surface  and  parallel  to  the  rolling  direction. 
Tests  to  AS  1544  Part  2  or  ASTM  E23-83  are 
carried  out  at  temperatures  of  -18  C  (0  F) 
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and  -84°C  (-120°F).  The  minimum  acceptance 
levels  for  HY-80  and  HY-100  are  listed  in 
Table  1. 

DYNAMIC  TEAR  TESTS  -  The  location  and 
notch  orientation  of  dynamic  tear  tests  is  the 
same  as  used  for  the  Charpy  tests  (described 
above).  Tests  are  conducted  at  -40  C 
(-40  F).  Minimum  acceptance  levels  are 
listed  in  Table  1 . 

EXPLOSION  BULGE  TESTS  -  The  ultimate 
qualification  test,  which  measures  the 
resistance  to  cracking  under  shock  loading  is 
the  explosion  bulge  test.  This  test  was 
originally  developed  by  Hartbower  and  Pellini 
as  a  means  of  evaluating  and  assuring  adequate 
performance  of  candidate  steel  plate  and 
welding  consumables  in  the  construction  of 
naval  vessels( 1 ,2) .  For  this  qualification 
test,  two  crack  starter  and  four  un-notched 
explosion  tests  are  required  and  testing  is 
conducted  at  -18°C  (0°F).  The  test 
procedure  and  acceptance  criteria  are  described 
in  MIL-S-2149  (1983).  It  is  presently- 
considered  that  of  the  two  tests,  the  crack 
starter  test  provides  the  more  useful 
information,  as  in  this  case,  the  resistance  of 
the  material  to  the  extension  of  a  pre-existing 
crack  under  explosive  loading  conditions  is 
more  positively  measured. 

The  philosophy  behind  these  three  tiers  of 
toughness  testing  is  that  as  well  as  being  self 
consistent,  the  specified  property  requirements 
constitute  three  distinct  strata  in  the  level 
of  assurance  of  achieving  adequate  base  plate 
(and  ultimately  weld  metal)  crack  toughness 
under  shock  loading  conditions. 

The  Charpy  test  is  relatively  cheap  and 
provides  a  useful  first  approximation  to 
explosion  bulge  performance.  The  dynamic  tear 
test  is  a  significantly  larger  scale  test, 
sampling  over  six  times  the  material  of  the 
Charpy,  is  still  relatively  inexpensive  to 
conduct,  and  is  considered  to  be  a  somewhat 
more  useful  indicator  of  explosion  bulge 
performance.  The  ultimate  qualification  test 
is  the  explosion  bulge  test.  This  test  is  very 
expensive  to  conduct,  however  it  provides  the 
most  useful  indicator  of  material  performance. 

At  present,  HSLA-80  (A710)  type  steels  are 
not  permitted  in  critical  submarine 
applications.  However,  they  are  extensively 
used  in  the  construction  of  naval  surface 
combatants  in  the  USA. 

The  mechanical  test  requirements  for 
HSLA-80  (A710)  including  Charpy  and  dynamic 


tear,  for  use  in  the  hulls  of  naval  surface 
combatants,  are  identical  to  the  requirements 
for  HY-80  with  the  notable  exception  that  the 
explosion  bulge  test  is  not  required.  The 
thickness  of  HSLA-80  plate  in  surface 
combatants  rarely  exceeds  20mm,  with  most 
requirements  falling  in  the  lOmm  to  15mm 
thickness  range. 

One  important  question  to  be  addressed  in 
future  is  whether  the  Charpy  and  dynamic  tear 
benchmark  values  listed  in  Table  1,  are 
reliable  indicators  of  explosion  bulge 
performance  for  other  grades  of  high  strength 
steel  suitable  for  naval  structural 
applications,  such  as  HSLA-80.  In  this 
respect,  an  important  consideration  may  turn 
out  to  be  the  shape  of  the  Charpy  or  dynamic 
tear  curve  ie.  whether  it  shows  shallow  or 
steep  transitional  behaviour. 

FABRICATION  ADVANTAGES  OF  HSLA-80 
(A710  TYPE)  COMPARED  TO  HY-80 

In  the  naval  construction  arena  there  is  a 
powerful  economic  driving  force  to  replace 
HY-80  with  HSl.A-80  type  steels.  This  is 
presently  manifested  in  the  construction  of 
naval  surface  combatants  in  the  USA  where 
substantial  substitution  of  HSLA-80  for  HY-80 
has  already  occurred. 

Although  HSLA-80  may  be  potentially 
cheaper  to  produce  than  HY-80  because  of  its 
lower  alloy  content  the  major  cost  reductions 
are  achieved  in  fabrication  savings.  The  most 
important  of  these  are  listed  below; 

i)  no  necessity  to  preheat  HSLA-80. 

ii)  lower  level  of  welding  skill  required, 
which  affords  the  opportunity  to  reduce  labour 
costs . 

iii)  greatly  reduced  inspection  and  repair 

cost . 

iv)  no  requirement  for  t  iiiie  ct'psuming 
grinding  off  of  attachments. 

v)  no  requirement  for  cleaning  weld  bead 
surfaces  prior  to  depositing  subsequent  weld 
passes . 

vi)  decreased  surface  preparation. 

In  addition  a  much  wider  variety  of 

product  forms  can  be  economically  produced  with 
HSLA-80,  and  flame  forming  and  straightening  is 
permissible  with  HSLA-80  but  not  with  HY-80. 
Finally,  high  productivity  welding  processes 
such  as  high  frequency  welding  can  be  used  to 
produce  inexpensive  product  forms  such  as  T 
St  iffeners . 


Table  1  -  Minimum  NAVSEA  Impact  Requirements  for  HY-80  and  HY-100 


Test 

Temnerature 

Charnv 

Dvnamic  Tear 

HY-80 

HY-100 

HY-80 

HY-100 

J 

(Ft-lb) 

J 

(Ft-lb) 

J 

(Ft-lb) 

J  (Ft-lb) 

-18 

0 

81 

(60) 

81 

(60) 

-84 

-120 

47 

(35) 

60 

(45) 

- 

- 

-40 

-  40 

610 

(450) 

680  (500) 
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STEEL  ALLOY  DESIGN 

In  satisfying  the  abovementioned  property 
requirements,  steel  chemical  composition  should 
be  optimally  selected  with  due  recognition  of 
processing  capabilities.  For  instance,  there 
may  be  scope  for  reducing  the  hardenability  and 
therefore  alloy  content  of  conventional  Q&T 
grades  when  more  efficient  quenching  devices 
are  used.  Alternatively,  utilisation  of 
suitable  TMCP  techniques  may  permit  the 
achievement  of  required  properties  so  as  to 
obviate  the  need  for  those  alloy  additions 
which  promote  quench  hardenability  such  as  Cr 
and  Mo.  Some  principles  of  alloy  design  for 
HY-80/HY-100  and  HSLA-80  as  produced  in 
Australia  are  discussed  below; 

HY-80/HY-100  -  The  chemical  composition  of 
HY-80/HY-100  is  comparatively  tightly  specified 
by  the  relevant  military  specification, 
MIL-S-16216(3) ,  and  is  based  on  a  low 
Mn-Ni-Cr-Mo  steel  type;  Ni  primarily  being 
added  for  low  temperature  toughness,  with  Cr 
and  Mo  conferring  a  high  level  of  quench 
hardenability.  No  microalloying  additions  of 
Nb,  V,  Ti  or  B  are  allowed. 

While  the  fundamental  approach  to  alloy 
design  with  the  HY-80/HY-100  steels  has  not 
changed,  some  major  developments  have  occurred 
over  the  last  25  years  with  regard  to  specific 
composition  limits.  As  shown  in  Table  2,  these 
have  been  largely  confined  to  tightening  the 
allowable  concentrations  of: 

i)  trace  elements  such  as  Sn,  Sb  and  As, 

ii)  tramp  elements  such  as  P  and  S,  and 

iii)  controlling  the  range  of  C  content. 

These  changes  themselves  reflect  the 


significant  advances  in  steelmaking  technology 
that  has  occurred  internationally  during  this 
time  especially  with  respect  to  the  achievement 
of  much  lower  P  and  S  contents. 

MIL-S-16216  allows  slightly  different 
ranges  for  C,  Ni,  Cr  and  Mo  contents  to 
accommodate  increasing  plate  thickness  and  to 
assist  in  obtaining  the  higher  strength  values 
of  HY-100  relative  to  HY-80.  On  the  other 
hand,  there  are  attractions  in  terms  of  the 
ability  to  supply  small  item  lots  with  maximum 
flexibility,  if  both  HY-80  and  HY-100  grades 
can  be  sourced  from  the  one  heat  in  as  large  a 
range  of  plate  thicknesses  as  possible.  Our 
experience  has  been  that  due  to  the  close  and 
consistent  control  of  all  elements  as  a  result 
of  efficient  tonnage  vacuum  degassing,  it  has 
been  possible  to  develop  an  internal 
specification  with  a  single,  more  restrictive 
set  of  alloy  ranges  than  is  allowed  in 
MIL-S-16216,  such  that  both  HY-80  and  HY-lOO 
grades  can  be  sourced  in  plate  thicknesses  from 
6  to  50mm  (1/4  to  2")  from  a  single  heat.  A 
typical  chemical  composition  is  shown  in 
Table  3. 

As  will  be  described  subsequently,  micro 
Ti  treatment  of  the  traditional  HY-80/100  grade 
has  recently  been  investigated  to  explore  the 
potential  for  reduced  weld  preheat  which  has 
been  achieved  in  C  Mn  and  HSLA  steels  by  virtue 
of  the  reduced  HAZ  haidenability  and  peak 
hardness  levels  derived  from  a  fine  dispersion 
of  stable  TiN  precipitates(4)  . 

HSLA-80  -  The  alloy  design  of  conventional 
ASTM  A710  type  steels  is  based  on  the  e-Cu  age 
hardening  "Nicuage"  steels  of  the  late  60's  and 
a  typical  composition  is  shown  in  Table  4.  The 


Table  2 

-  Chemical  Composition  Refinements  o 

f  HY-80  Specif ication(3) 

Ladle  Analysis 

-  Mass  Percent 

MIL-S-16216  Revision: 

G 

H 

J 

K 

Dated : 

27  February  1963  15  lia^ch  1972 

16  August  1982 

19  June  1987 

Carbon 

0.18  max 

0.12/0.18 

0.12/0.18 

0.12/0.18 

Phosphorus 

0.025  max 

0.025  max 

0.020  max 

0.015  max 

Sulphur 

0.025  max 

0.025  max 

0.0D2/0.020 

0.008  max 

Phosphorus  +  Sulpb"r 

0.045  max 

0.040  max 

0.035  max 

(3) 

Arsenic 

NS  (2) 

NS 

0.025  max 

0.025  max 

Tin 

NS 

NS 

0.030  max 

0.030  max 

Antimony 

NS 

NS 

0.035  max 

0.025  max 

(1)  The  chemical  limits 

(2)  NS  =  Not  Specified 

are  for  25mm  (1" 

)  thick  HY-80  plate. 

(3)  No  limit  specified. 

although  plates 

with  S  contents  less 

than  or  equal  to  0.002 

should  be  specially 

ident if ied . 

Table  3  -  Typical  Chemical 

Composition  of  HY-80/HY-100  (mass  %) 

C  P  Mn 

ii  8 

Mi  Cr 

Mfi.  Cjj  A1 

CEO(IIW) 

.15  .014  .26 

.23  .003 

2.65  1.55 

.38  .010  .050 

.756 

237 


i-»  '  ■— 

—  ■  f  - - - 

1 

Table 

4  - 

Chemical 

Composition 

(mass 

%) 

Steel 

C 

Mn 

Si 

S. 

Ni 

Cu  Cr 

Mo 

A1  Ti 

CEO(IIW) 

ASTM  A710 

Class  3  (Q&T)  .05 

.50 

.25 

.005 

.90 

1.15  .70 

.25 

.02 

.040 

.46 

BHP  HSLA-80 
(TMCP)  .05 

1.40 

.25 

.003 

.85 

1.0 

- 

.02  .015 

.020 

.41 

Table  5  -  Typ 

ical 

Chemical  Composition 

of  High  Hardness  Armour  Plate 

(mass  %) 

C 

P  Mn 

Si 

S 

Mo 

A1 

Ii 

B 

CEO(IIW) 

.28 

.015  .54 

.28 

.003 

.94 

.16 

.036 

.036 

.0015 

.592 

steel  exhibits  good  quench  hardenability , 
largely  due  to  Ni,  Cr,  Mo  additions,  so  that  it 
has  been  well  suited  to  production  via  the 
quench  and  ageing  process  route  especially  for 
rather  heavy  plates.  However,  a  more 
appropriate  low  alloy  modified  alternative  has 
been  developed  by  BHP  for  plates  of  up  to  about 
28mm  (1-1/8").  This  steel  can  be  produced  in 
the  TMCP  +  aged  condition  with  the  following 
main  compositional/processing  differences: 

i)  Cr  and  Mo  additions  have  been 
eliminated  since  high  hardenability  is  not 
needed  in  these  thin  plates  when  TMCP  is 
applied.  The  elimination  of  these  elements 
provides  for  further  weldability  improvements 
over  HY-80  (reduction  in  Pern  carbon  equivalent 
from  .29  to  .20)  and  other  measured  benefits  to 
steelmaking  such  as  improved  hot  ductility 
during  continuous  casting  and  lower  production 
costs . 

ii)  A  higher  Mn  addition  partly  to 
compensate  the  strength  reduction  arising  from 
elimination  of  Cr  and  Mo  and  also  to  improve 
"control  reliability"  and  promote  ferrite  grain 
refinement  due  to  reduced  y-a  transformation 
temperatures . 

iii)  The  application  of  TMCP  involving 
controlled  rolling  to  finish  temperatures  just 
above  the  Ar-  and  subsequent  accelerated 
cooling  to  about  550  C  to  suppress  Cu  "auto" 
ageing  in  the  as  rolled  condition. 

iv)  Micro  Ti  treatment  and  reduced  Nb 
content  for  enhanced  HAZ  toughness(4) . 

ARMOUR  PLATE  -  The  important  material 
characteristics  for  homogeneous  quenched  and 
tempered  steel  armour  plate  include  a  high 
hardness  level  of  500  HB  nominal;  good  low 
temperature  toughness  and  through-thickness 
ductility  to  prevent  shattering,  spalling  or 
plug  formation  on  impact  of  the  projectile;  and 
fabrication  performance  in  terms  of  weldability 
and  formability  compatible  with  the  other 
requirements . 

MIL-A-46100C( 5)  specifies  basic  chemical 
composition  limits  for  steel  armour  plate  with 
a  hardness  of  477-534  HB,  and  supports  these 
with  longitudinal  and  transverse  Charpy  V-notch 
impact  tests  at  -40  C  (-40  F)  and  room 


temperature  bend  tests. 

Alloy  design  for  high  hardness  armour 
plate  manufactured  by  BIS  involves  a 
consideration  of: 

i)  C  contents  which  are  sufficiently  high 
to  achieve  the  desired  hardness  level,  but  not 
so  high  as  to  seriously  effect  ductility, 
formability  and  weldability.  Optimum  levels 
are  .27/. 30  C. 

ii)  Controlled  Cr,  Mo  and  B  additions  to 
achieve  through  hardening.  Actual 
concentrations  depend  on  the  severity  of  quench 
employed . 

iii)  Steelmaking  practices  aimed  at 
producing  low  sulphur  contents,  with  or  without 
non-metal lie  inclusion  shape  control. 

A  typical  chemical  composition  is  shown  in 
Table  5. 

STEEL  MANUFACTURING  ASPECTS 

The  advances  made  in  several  s'.eelmaking 
technology  areas  over  the  last  decade  have  not 
only  provided  the  stimulus  for  new  grade 
development  but  have  also  made  possible 
significant  improvements  in  the  characteristics 
of  older  steels  such  as  HY-80/HY-100 .  Capital 
investment  in  the  Australian  steel  industry 
over  this  period  has  ensured  that  such  property 
enhancements  are  available  by  utilisation  of 
the  following  steel  production  facilities: 

HOT  METAL  &  STEEL  LADLE  DESULPHURISATION  - 
Low  sulphur  levels  (ie.  <  0.005%  S)  with  or 
without  inclusion  shape  controlling  additions 
of  Ca  are  an  important  pre-requisite  for  high 
Charpy  energy  values,  especially  in  the 
transverse  to  rolling  direction,  and  also  for 
good  through  thickness  ductility.  Such  sulphur 
levels  are  assured  at  BHP  by  the  employment  of 
hot  metal  desulphurisation  and  steel  ladle 
injection  of  calcium  compounds  which  also 
guarantees  conversion  of  A1„0,  clusters  to 
globular  particles(6) .  In  addition  to  these 
property  improvements,  the  ballistic  properties 
and  performance  of  plates  in  special  tests  such 
as  the  explosion  bulge  test  (EBT)  are  enhanced 
by  clean  steelmaking  practice. 
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TONNAGE  VACUUM  DEGASSING  TREATMENT  -  RH 
vacuum  degassing  at  low  vacuums  such  as 
0.5  torr  is  applied  at  BHP  in  the  production  of 
high  strength  defence  steels  to  achieve 
reductions  in  gas  contents  such  as  H.,  N2, 

O2,  some  removal  of  non  metallic  inclusions 
and  close  control  needed  over  alloy  additions, 
especially  microalloys  such  as  B  and  Ti. 

CONTINUOUS  CASTING  OF  SLABS  -  The  recently 
commissioned  No. 2  Caster  at  BHP  provides  for 
the  production  of  improved  steel  cleanness, 
excellent  surface  quality  and  internal 
homogeneity  by  virtue  of  the  following 
attributes : 

i)  large  capacity  (48  tonne)  tundish  and 
automatic  mould  level  control, 

ii)  air  tight  ladle  to  tundish  shrouding 
system  and  fully  sealed  tundish  with  inert  gas 
flushing  capability, 

iii)  improved  centreline  segregation 
control  with  closely  spaced  split  rolls, 
internally  water  cooled  rolls  and  bearings  for 
reduced  roll  bending, 

iv)  air  mist  cooling  for  uniform  cooling 
control  across  the  strand  width, 

v)  variable  machine  taper  and  in-roll 
variable  cycle  electromagnetic  stirring  (EMS). 

THERMOMECHANICALLY  CONTROLLED  PROCESSING 
(TMCP)  -  Strict  TMCP  rolling  schedules  are 
necessary  to  achieve  the  low  temperature 
toughness  levels  needed  for  HSLA-80  type  steel 
to  obviate  the  need  for  reaustenitising  heat 
treatments.  At  BHP,  optimum  toughness  is 
achieved  by  ensuring  that  austenite  is 
recrystallised  to  a  suitable  fine  grain  size 
during  high  temperature  roughing  and  an 
appropriate  level  of  non  recrystallising 
austenite  deformation  is  completed  just  above 
the  Ar,  temperature(4) .  In  the  case  of 
HSLA-80,  key  aspects  of  the  TMCP  practice  are 
highlighted  schematically  in  Figure  1  and 
briefly  described  below: 

Disciplined  Rough  Rolline  Practice  -  The 
main  objective  in  the  rough  rolling  stage  is  to 
ensure  a  fine  recrystallised  grain  size  prior 
to  the  commencement  of  finish  rolling  in  the 
non  recrystallising  region.  The  high  Cu 
addition  is  thought  to  contribute  to  more 
sluggish  recrystallisation  behaviour  than  for 
plain  Nb  steels(7)  and  the  strategy  adopted  at 
BHP  has  been  to  perform  the  roughing  reduction 
at  rather  high  temperatures  in  conjunction  with 
sufficiently  heavy  individual  pass  reductions 
to  limit  the  possible  formation  of  mixed 
austenite  grain  size.  The  micro  Ti  treatment 
38  effective  in  achieving  this  goal  and  in 
restricting  the  subsequent  growth  of 
recrystallised  grains. 

Non-Recrvstallising  Austenite  Deformation 
-  Rather  heavy  total  reduction  levels  in  the 
austenite  non-recrystal lising  temperature 
regime  have  been  found  to  be  beneficial  for  the 
enhanced  low  temperature  toughness  of  HSLA-80. 
The  objective  is  to  multiply  ferrite  nucleation 
sites  in  order  to  secure  Chargy  transition 
tesperatures  below  about  -120  C  in  the  as 


rolled  condition.  Such  low  transition 
temperatures  must  be  achieved  to  compensate  for 
the  embrittling  effect  of  the  subsequent  Cu  age 
hardening  treatment. 

Controlled  Cooling  -  Maximum  Cu  age 
hardening  capability  requires  that  the  extent 
of  auto-ageing  after  finish  rolling  be 
restricted.  To  prevent  wasteful  premature 
precipitation  of  e-Cu,  an  accelerated  plate 
cooling  practice  after  finish  rolling  has  been 
employed  in  which  the  plate  is  passed  through  a 
water  spray  bank  until  the  mean  temperature  is 
about  550°C.  Modest  cooling  rates  of  only 
~2-3°C/sec  have  been  achieved  in  25mm  thick 
plates  with  this  practice  and  have  proved 
sufficient  to  ensure  comfortable  achievement  of 
strength  properties. 


Fig.l  -  Schematic  outline  of  TMCP  process  for 
HSLA-80  plates 

EFFICIENT  QUENCHING  &  TEMPERING  (Q&T) 
FACILITIES  -  The  #2  plate  heat  treatment  plant 
operated  by  BIS  was  commissioned  in  1984,  and 
represents  the  latest  technology  in  independent 
quenching  and  tempering  capability.  This  plant 
is  capable  of  heat  treating  plate  in  the 
thickness  range  5-lOOmm  (3/16-4"),  to  a  maximum 
plate  width  of  3200mm  (126"),  and  a  maximum 
plate  length  of  15  metres  (590").  This  size 
range  embraces  all  current  local  defence 
requirements  for  high  strength  steel  plate,  and 
in  particular  satisfies  all  needs  for  Q&T  plate 
for  the  New  Construction  Submarine  (NCSM) 
Project . 

A  specie’  feature  of  the  continuous  roller 
quench  unit  in  this  plant  is  the  high  intensity 
curtain  water  header  which  enables  the 
production  of  high  strength  grades  from 
comparatively  lean  (ie.  low  alloy)  steel 
compositions,  thereby  lowering  carbon 
equivalent  values  and  improving  weldability. 
Total  water  flow  rates  of  up  to  30,000  litres/ 
minute  (6,600  gallons/minute)  during  quenching 
together  with  the  design  of  the  quench  rollers, 
ensure  a  metal lurgica 1  ly  efficient  quenching 
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operation.  For  example,  the  cooling  rate  over 
the  temperature  range  800-300°C  at  the 
mid-thickness  position  of  a  25mni  (1")  thick 
plate  has  been  determined  to  be  approximately 
40°C/second  (70°F/second) ( 8) . 

STEEL  PROPERTIES 

Mechanical  properties,  weldability  and 
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Fig. 2  -  Charpy  V-notch  impact  energy  of  HY-80 
and  HY-100  plates 


other  aspects  of  fabrication  and  service  of 
quenched  and  tempered  HY-80/HY-100,  TMCP  +  aged 
HSLA-80  and  armour  plate  are  discussed  below: 

HY-80/HY-100  -  The  mechanical  properties 
of  normally  produced  HY-80  and  HY-100  plates  as 
well  as  the  test  results  obtained  on  the 
special  Ti  treated  material  are  described  in 
the  following  sections. 

Strength  and  Charpy  Impact  Tests  -  Typical 
tensile  and  Charpy  V-notch  impact  test  data  for 
HY-80/HY-100  plates  are  shown  in  Table  6.  Note 
the  very  low  longitudinal  to  transverse  Charpy 
upper  shelf  energy  ratios  of  about  1.1. 

The  distributions  of  Charpy  impact  energy 
values  for  both  HY-80  and  HY-100  plates,  shown 
in  Figure  2,  again  highlight  the  exceptionally 
good  low  temperature  toughness  of  this  material 
due  to  the  combined  effects  of  clean  steel  and 
efficient  quenching  facilities. 

Dynamic  Tear  Tests  -  Similarly  the  results 
of  dynamic  tear  tests  carried  out  on  HY-80  and 
HY-100  plates  (refer  Figure  3)  are  extremely 
good,  and  provide  a  good  guide  to  the  ultimate 
performance  in  the  explosion  bulge  test. 


Fig. 3  -  Dynamic  tear  test  transition  for  HY-100 


Table  6 

-  Typical  Tensile 

&  Charpy 

V-notch 

Impact  Test 

Data  for 

HY-80/HY 

-100  Pis' 

Plate 

Tensile 

Prooerties 

Charnv 

Impact 

Energy 

Thickness 

0.2%PS 

TS 

El 

Temp 

Long 

Trans 

Grade 

(mm) 

(MPa) 

(MPa) 

(%) 

(C) 

(J) 

(J) 

HY-80 

9.5 

644 

762 

32 

HY-80 

50 

616 

731 

25 

+20 

216 

207 

-18 

214 

203 

-40 

209 

193 

-84 

184 

164 

HY-100 

25 

745 

828 

24 

+20 

203 

168 

-18 

149 

168 

-40 

198 

163 

-84 

187 

138 
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Explosion  Bulge  Tests  -  Explosion  bulge 
tests  (EBTs)  have  been  performed  in  accordance 
with  the  provisions  of  NAVSHIPS  0900-005-5000 
and  NAVSEA  0900-LP-005-5000 .  Parent  plate 
samples  and  welded  assemblies,  with  and  without 
crack  starter  weld  beads,  have  been  tested  at 
-18°C  (0°F)  with  excellent  results. 

The  manual  metal  arc  welded  samples  of 
50mm  (2")  thick  HY-80  plates  shown  in  Figure  4 
have  thinned  29.9  and  25.7%  respectively  after 
five  blasts,  easily  satisfying  the 
specification  requirement  of  16%  thinning. 

This  demonstrates  the  very  good  crack  arrest 
ability  of  this  material  under  explosive 
loading  conditions. 


Fig. 4  -  Profiles  of  two  explosion  bulge  tests 
of  fully  MMA  welded  HY-80  plates  after  5  blasts 

Weldabi 1 itv  -  Special  investigations  were 
carried  out  to  assess  the  potential 
improvements  to  HAZ  microstructure  and 
properties  which  might  result  from  a  micro  Ti 
addition  to  continuously  cast  HY-80/HY-100 
steel.  Such  improvements  have  been  widely 
exploited  in  recent  years  in  HSLA  steel  plates 
by  virtue  of  the  controlling  influence  of  fine 
TiN  precipitates  on  the  extent  of  austenite 
grain  growth  adjacent  to  the  fusion  line(4). 

The  results  of  this  work  are  summarised  briefly 
be  low: 

i)  Microstructure  -  The  effects  of  Ti 
treatment  on  HAZ  microstructure  was 
demonstrated  in  a  series  of  bead-on-plate  welds 
using  a  GMA  welding  process  on  50mm  thick  pl.^te 
at  various  heat  inputs  in  the  range  of 

1  .0-6  .OkJ/nim .  The  HAZ  microstructures  for  both 
Ti  and  non  Ti  bearing  steels  consisted  of 
untempered  martensite  despite  .ajor  differences 
in  the  austenite  grain  size  and  the  width  of 
the  grain  coarsened  regions  (Figure  5). 

Typical  photomicrographs  at  the  higher  heat 
input  level  of  4kJ/inm  are  shown  in  Figure  6. 

ii)  Hardness  -  HAZ  peak  hardness 
measurements  and  hardness  traverses  across  the 
HAZ  were  also  performed  on  the  bead  on  plate 
welds  over  the  range  of  heat  input.  The 


results  are  summarised  in  Figure  7  and  indicate 
that  no  advantage  of  Ti  with  respect  to 
hardenability  in  the  grain  coarsened  region  was 
apparent.  In  fact  somewhat  higher  hardnesses 
were  observed  ii.  the  grain  coarsened  HAZ 
microstructure  for  the  Ti  treated  steel, 
probably  due  to  the  slightly  higher  carbon 
equivalent.  Since  the  grain  coarsened  HAZ 
microstructure  for  this  steel  type  was 
completely  martensitic  over  the  range  of  heat 
inputs  examined,  the  commonly  exploited 
benefits  of  TiN  precipitates  on  reduced  HAZ 
hardenability  (and  hence  hardness)  in  low  CEQ 
steels  do  not  appear  to  be  achievable. 
Consequently,  reduced  susceptibility  to  cold 
crackii  ^  and  relaxation  of  preheat  requirements 
which  has  been  reported  elsewhere  for  Ti 
treated  HSLA  steels(4)  is  unlikely  to  apply  to 
highly  hardenable  steels  such  as  conventional 
HY-80/HY-100 .  This  was  also  evidenced  in  the 
results  of  controlled  themal  severity  (CTS) 
tests  performed  on  Ti  treated  and  non  Ti 
treated  HY-80  as  indicated  in  Table  7  where 
both  steels  reported  similar  cracking 
resistance  at  preheat  temperatures  over  the 
range  of  20°C  to  100°C. 


Heat  Input  (kJ/mm) 


Fig. 5  -  Effect  of  Ti  on  the  austenite  grain 
size  at  the  fusion  line  and  the  width  of  the 
coarse  grain  region  (HY-80  plate) 
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HY-80  HY-80  +  Ti 

Fig. 6  -  Effect  of  Ti  on  the  HAZ  microstructure  of  HY-80  plate  (AtcJ/mm  bead  on  plate  weld) 


weld  Heat  Input  KJ/itm 


Fig. 7  -  Maximum  HAZ  hardness  in  GMAW  bead  on 
plate  welds  for  HY-80  plate 


Table  7  -  Controlled  Thermal  Severity  (CTS) 

Test  Results  (50mm  Plate  Thickness) 


Test 

CTS 

(%  Leg  Length 

Cracked) 

Steel  Type 

HY 

-80 

HY-80 

+  Ti 

Heat  Input 

(kJ/mm) 

1.6 

2.2 

1,6 

2,2 

Preheat 

20°C 

19 

18 

18 

18 

Temp 

60°C 

11 

15 

7 

10 

100°C 

6 

7 

A 

8 

iii) 

Toughness 

-  The 

strong 

grain 

ref ining 

influence  of  TiN  precipitates  on  the  austenite 
grain  size  in  the  HAZ  would  be  anticipated  to 
have  some  beneficial  effect  on  toughness  as 
measured  by  Charpy  V  specimens.  However,  this 
was  not  apparent  in  tests  performed  on  the  HAZ 
of  multipass  submerged  arc  welds  (heat  input 
AkJ/mm)  described  in  Table  8. 

HSLA-80  -  The  mechanical  properties  of  the 
newly  developed  TMCP  +  aged  HSLA-80  grade  are 
described  below  for  plate  thicknesses  in  the 
range  of  12-25nim. 


Table  8  -  HAZ  Charpy  V-Hotch  Impact  Properties  ( SOinm  Plate,  K-weld  Prep,  A  kJ/mm  Heat  Input) 


_ _ Test  Temperature _ 

Steel  Specimen  0  C  -8A  C 


Type 

Location 

Cv 

En  (J) 

%  Fib 

Cv 

En  (J) 

%  Fib 

HY-80 

Top  Surface 

165 

200 

Z6A 

100 

100 

100 

197 

20A 

272 

100 

100 

100 

Bottom  Surface 

no 

168 

26A 

100 

100 

100 

5A* 

109 

217 

15 

100 

100 

HY-80 

Top  Surface 

166 

186 

298 

100 

100 

100 

2A6 

261 

261 

100 

100 

100 

(+  Ti) 

Bottom  Surface 

116 

1A8 

2A7 

100 

100 

100 

A6* 

5  A* 

207 

20 

20 

65 

*  Weld  metal  notch  location 
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Stren2th  -  Typical  tensile  properties 
established  in  production  trial  plates  are 
sutnmarised  in  Figure  8  for  both  the  as  rolled 
(TMCP)  condition  and  TMCP  +  aged  550°C 
condition  for  various  plate  thicknesses.  For 
normal  air  cooling  of  plates  after  TMCP,  the 
yield  strength  after  ageing  was  marginal  at  the 
heavier  plate  thicknesses  ie.  ^25inm.  The 
application  of  a  modified  TMCP  schedule  and 
controlled  cooling  after  TMCP  produced  a 
significant  improvement  in  yield  strength  of 
20-25mm  thick  plates  by  virtue  of  a 
microstructural  refinement  and  reduced  "auto" 
ageing.  The  yield  strength  increment  derived 
from  the  ageing  treatment,  was  typically  in  the 
order  of  100  MPa  for  the  range  of  thicknesses 
investigated  such  that  the  HY-80  yield  strength 
requirement  of  550  MPa  minimum  was  comfortably 
achieved.  These  results  suggest  some  scope  for 
further  reductions  in  steel  alloy  levels  so  as 
to  further  enhance  weldability.  Alternatively 
"overageing"  might  be  considered  as  a  means  for 
reducing  the  deterioration  of  toughness 
properties  associated  with  the  age  hardening 
process,  particularly  in  the  thicker  plates,  as 
discussed  below. 


12  14  16  18  20  22  2* 


Plate  Thickness  (mtn) 


Fig. 8  -  Influence  of  plate  thickness  and  TMCP 
on  tensile  properties  of  HSLA  80  (Ageing  Temp: 
550°C) 


-  The  toughness  properties  of 


production  trial  plates  as  measured  in  Charpy 


V-notch  test  are  summarised  in  Figures  9  &  10 
for  plates  in  both  the  as  TMCP  and  TMCP  +  aged 
550  C  condition.  The  ageing  treatment  of 
1/2  hr  at  550  C  was  chosen  to  achieve  the 
peak  strengthening  increment  frome-Cu 
precipitation  and,  by  inference,  the  maximum 
likely  upward  shift  in  Charpy  transition 
temperature.  From  Figure  9  it  is  evident  that 
"peak  ageing"  can  deteriorate  the  Charpy  50% 
FATT  by  up  to  about  30°C.  This  is  of 
significance  especially  in  the  case  of  thicker 
plates  eg.  25mm  where  the  50%  FATT  in  the  peak 
aged  condition  has  in  fact  been  raised  to  the 
vicinity  of  the  specified  test  temperature  for 
HY-80  ie.  -85°C.  In  order  to  increase  the 
safety  margin  for  satisfying  this  specification 
requirement,  "overageing"  of  the  e-Cu 
precipitates  has  been  found  to  be  useful  for 
reducing  the  upward  shift  in  Charpy  transition 
temperature  whilst  still  comfortably  achieving 
the  strength  requirements.  The  influence  of 
ageing  treatments  on  strength  and  toughness  is 
highlighted  in  Figure  10  for  a  25nmi  thick 
plate.  For  instance,  an  "overageing"  treatment 
such  as  1/2  hr  at  610°C  can  reduce  the  upward 
shift  in  Cv  transition  temperature  to  only 
15°C  and  simultaneously  satisfy  the  yield 
strength  requirement  of  550  MPa  although  by  a 
reduced  margin. 


12  14  16  18  20  22  24 

Plate  Thickness 


Fig. 9  -  Effect  of  Ageing  on  Charpy  V-notch 
energy  at  -85°c  and  50%  FATT  for  various 
plate  thicknesses  of  HSLA-SO 
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*R  500  550  600  650 

Ageing  Temp.  (°C)  (1/2  hr  @  temp.) 


Fig. 10  -  Effect  of  Ageing  Treatment  on  Charpy 
V-notch  and  tensile  properties  of  25mm  HSLA-80 
plate 

Dynamic  tear  test  transition  curves  were 
also  performed  on  20  and  25nim  plates  and 
results  are  presented  in  Figure  11.  Both 
plates  met  the  specification  requirement  of 
610  J  at  -40°C  with  the  "overageing" 
treatment  (610  C)  again  proving  beneficial  in 
improving  the  performance  of  the  25mm  plate. 

Weldability  -  The  following  weldability 
investigations  have  confirmed  the  excellent 
potential  of  HSLA-80  for  fabrication  economy 
due  mainly  to  the  low  carbon  equivalent  (CEQ 
(IIW)  =  0.40,  Pcm  =  0.20),  low  carbon  content 
and  micro  Ti  treatment. 

i)  Bead  on  Plate  Tests  -  Bead  on  plate 
tests  were  performed  on  36mro  thick  HSLA-80 
plate  utilising  the  gas  metal  arc  GMA  welding 
process  for  1.0,  1.5  and  2.5kJ/mm  heat  inputs 
and  submerged  arc  (SAW)  welding  process  for 
2.5,  4.0  and  6.0kJ/mm  heat  inputs.  All  tests 
were  performed  without  preheat.  Peak 
hardnesses  and  hardness  traverses  from  the 
fusion  line  across  the  HAZ  were  determined  in 


both  as  welded  condition  and  also  after  a 
subsequent  ageing  treatment  of  30  mins  at 
500  C  to  investigate  possible  age  hardening 
effects.  The  results  are  presented  in  Figures 
12-14  and  briefly  summarised  below: 


Temperature  (°C) 


Fig. 11  -  Dynamic  Tear  Test  Transitions  for 
HSLA-80  plates 


0  1  2  3  A  5  6 


Heat  Input  (kj/mm) 

Fig. 12  -  Peak  Hardness  for  varying  heat  inputs 
for  GMAW/SAW  bead  on  plate  welds  of  HSLA-80 

a)  The  peak  hardness  in  the  as  welded 
condition  was  below  300  Hv  for  the  lowest  heat 
input  weld  of  IkJ/mm  (see  Figure  12).  These 
values  may  be  compared  with  the  results  of 
HY-80  in  Figure  7  where  the  peak  hardness  under 
similar  conditions  was  in  the  vicinity  of 
420-450  Hv. 
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12  3  4  5  6  7 

Distance  From  Fusion  Bounaary  (mm) 


Fig. 13  -  Hardness  traverse  across  HAZ  of  bead 
on  plate  welds  of  36inin  HSLA-80  plate 


0  1  2  3  4  5  6  7 

Heat  Input  IkJ/mm) 


Fig. 14  -  Influence  of  Heat  input  on  width  of 
softened  zone  and  amount  of  softening  (A  Hv) 
for  36iian  HSlA-80  plate 

b)  A  "softened"  region  occurred  in  the 
intercritical  and  subcritical  HAZ,  the  width  of 
which  was  dependent  on  the  welding  process  and 
heat  input  level  (Figures  13  &  14).  The  degree 
of  softening  was  up  to  30  Hv.  The  effect  of 
the  350  C  ageing  treatment  was  to  produce  an 
increase  in  hardness  in  the  supercritical  and 
intercritical  HAZ.  The  extent  of  this  hardness 


increase  was  dependent  on  the  heat  input  level 
and  ranged  from  about  zero  for  IkJ/mm  up  to 
about  40  Hv  for  the  6kJ/mm  weld.  This 
secondary  hardening  effect  was  attributable  to 
reprecipitation  of  e-Cu  which  had  been  taken 
into  solution  in  the  weld  thermal  cycle.  Such 
hardening  should  advantageously  offset  the 
extent  of  "softening"  in  multipass  welding. 

c)  As  mentioned  earlier  micro  Ti  treatment 
in  steels  of  relatively  low  hardenability 
contributes  to  reduced  HAZ  hardenability  and 
hence  hardness  by  virtue  of  austenite  grain 
size  control  in  the  weld  thermal  cycle. 
Measurements  of  the  austenite  grain  size  at  the 
fusion  line  and  the  width  of  the  coarse  grain 
region  for  the  various  heat  input  levels  are 
presented  in  Figure  15  and  clearly  demonstrate 
the  efficacy  of  the  micro  Ti  treatment  in  this 
steel . 


1  2  3  4  5  6 

Heat  Input  (kj/itm) 


Fig. 15  -  Austenite  grain  size  at  fusion  line 
and  width  of  coarse  grain  region  in  bead  on 
plate  welds  on  HSLA-80  plate 

ii)  Weld  Zone  Toughness  -  The  weld  zone 
toughness  of  HSlA-80  was  tested  in  a  weld 
procedure  shown  in  Figure  16.  The  planar  HAZ 
hereby  produced  allows  the  sampling  by  a  CTOD 
specimen  of  a  large  intersection  of  coarse 
grain  HAZ/fusion  line  which  should  represent 
the  most  brittle  zone.  The  good  low 
temperature  toughness  was  demonstrated  by  the 
0.2mm  CTOD  transition  temperature  of  about 
-50  C  for  the  coarse  grain/fusion  line  HAZ 
region. 

iii)  Delayed  Cracking  Test  -  Controlled 
thermal  severity  (CTS)  tests  (Table  9)  were 
carried  out  on  36mm  thick  plate  with  hydrogen 
controlled  electrodes  in  conjunction  with  no 
preheat.  The  steel  exhibited  excellent 
resistance  to  delayed  cold  cracking  (0% 
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Width  of  Coarse  Gram  Region.  L  (urn) 


cracking)  presumably  reflecting  the  low  maximum 
hardnesses  achieved  in  the  HAZ  by  virtue  of  the 
low  CEQ  and  micro  Ti  treatment  as  well  as  the 
restricted  width  of  the  coarse  grain  region 
(hardened  zone) . 


Temperature  ('’O 

Fig. 16  -  CTOD  transition  in  Fusion  line/Coarse 
grain  HAZ  of  HSLA-80  plate 

Table  9  -  Controlled  Thermal  Severity  (CTS) 
Tests  for  HSLA-80  (36mm  Plate) 
Ambient  Preheat  (20°),  E10018M  - 
40mm  electrodes  -  4ml/100gm  av  H^ 


Arc  Energy  (kJ/mm) 

1.0 

1.6 

2.2 

%  Cracking 

0 

0 

0 

Peak  Hardness  Hv^ 

299 

283 

283 

Ave  Peak  Hardness 

291 

280 

272 

ARMOUR  PLATE  -  Australian-produced  Q&T 
armour  plate  in  the  thickness  range  6-38mm 
(1/4-1. 5")  has  been  subjected  to  laboratory 
tests  to  assess  mechanical  properties, 
including  through-thickness  ductility,  bend 
test  performance  and  ballistic  properties. 
Results  of  these  tests  are  summarised  in  the 
following  sections. 

Toughness  -  The  Charpy  impact  test 
requirement  for  armour  plate  complying  with 
MIL-A-46100C  is  for  the  absorbed  energy  to  be 
not  less  than  10  ft.lb.f  (13.5  J)  for  the 
transverse  orientation,  and  12  ft.lb.f  (16.3  3) 
for  the  longitudinal  orientation,  when  full 
size  (10  X  10mm)  specimens  are  tested  at 
-40°F  (-40°C).  The  results  shown  in  Table 
10  clearly  demonstrate  that  despite  the  high 
hardness  of  this  material,  typically 


495-515  HB,  the  toughness  as  measured  in  the 
Charpy  impact  test  is  quite  good  and 
comfortably  meets  the  MIL  specification 
requirement.  This  is  further  evidence  of  the 
beneficial  effects  of  the  clean  steelmaking 
practices  employed  and  the  high  quench  rates 
achieved  in  the  continuous  roller  quench  unit. 


Table  10  -  Average  Charpy  V-notch  Impact  Test 
Data  -  High  Hardness  Armour  Plate 


Charpy  Energy 

50%  Fibrous 

Plate 

Specimen 

at  -40 

C 

Transition 

Thick 

Size 

Long 

Trans 

Temperature 

(mm) 

(mm) 

(J) 

(J? 

(°C) 

6 

10  x  5 

19 

12 

-40 

10 

10  X  7.5 

24 

16 

-32 

12 

10  X  10 

29 

24 

-28 

25 

10  X  10 

27 

26 

-28 

35 

10  X  10 

26 

24 

-30 

Through-thickness  reduction  of  area  values 
of  28.8  and  30.5%  RAz  have  been  obtained  on  a 
35mm  (1.375")  thick  plate,  also  indicating  the 
inherently  good  through-thickness  ductility 
resulting  from  the  particular  combination  of 
steel  composition  and  processing  route. 

Bend  Test  -  The  bend  test  requirement  in 
MIL-A-46100C  is  for  90  included  angle  bends  to 
be  conducted  in  accordance  with  ASTM  E290,  with 
the  axis  of  the  bend  perpendicular  to  the  plate 
rolling  direction  (ie.  transverse  bends). 
Transverse  bends  are  less  severe  than  those  for 
which  the  bend  axis  is  parallel  to  the  rolling 
direction.  Minimum  inside  bend  radius  is  4  x 
plate  thickness  for  plates  up  to  and  including 
5/16"  (8mm)  thick,  and  6  x  plate  thickness  for 
thicker  plates  to  1/2"  (12mm).  Tests  are  not 
required  on  thicker  plates. 

Test  results  on  this  material  are 
summarised  in  Table  11,  and  reflect  both  good 
ductility  and  a  fabrication  potential  which 
belies  the  high  hardnesses  involved. 

Ballistic  Tests  -  To  date  the  high 
hardness  armour  plate  has  been  tested 
exclusively  against  the  requirements  of  an 
Australian  Standard  for  bullet  resistant 
material,  AS2343(9).  The  highest  severity 
requirements  of  this  standard  call  for  the  test 
panel  to  withstand  three  impacts  from 
ammunition  fired  at  90  obliquity  from  one  of 
two  rifles,  designated  Rl  and  R2: 

i)  Rl  category  is  M193  5.56mm  (.219 
calibre)  ammunition  fired  at  a  velocity  of 
980  m/sec  (3215  ft/sec). 

ii)  R2  category  is  NATO  7.62mm  (.300 
calibre)  ammunition  fired  at  a  velocity  of 
853  m/sec  (2800  ft/sec). 

It  has  been  shown  that  8mm  thick  500  HB 
Q&T  plate  will  easily  meet  the  requirements  of 
the  R2  category,  while  10mm  thick  plate  will 
consistently  pass  the  Rl  and  R2  categories. 
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Plate 

Thickness 


Table  11  -  Bend  Test  Performance  -  High  Hardness  Armour  Plate 


Spec  Requirement 
Transverse  Bends 
(Angle  g  Radius) 


Bend  Test  Results  -  Pass 
Longitudinal  Transverse 

Bends _  Bends _ 


6 

90 

@  4.0t 

tad  (1) 

180 

4 

.Ot 

rad 

180 

4 

.Ot 

rad 

8 

90 

@  4.0t 

rad 

- 

180 

2 

.Ot 

rad 

10 

90 

e  6.0t 

rad 

- 

180 

3 

.Ot 

rad 

12 

90 

@  6,0t 

rad 

180 

2 

.Ot 

rad 

180 

2 

.Ot 

rad 

16 

NR  (2) 

180 

1, 

.6t 

rad 

180 

@ 

1 

.6t 

rad 

19 

NR 

180 

@ 

1 

.4t 

rad 

180 

@ 

1 

.4t 

rad 

38 

NR 

180 

@ 

2 

.Ot 

rad 

180 

e 

2 

.Ot 

rad 

(1)  90  bend,  with  minimum  inside  radius  equal  to  4.0  times  the  plate  thickness  (t) 

(2)  NR  =  No  Requirement  in  MIL-A-46100C 


CONCLUDING  REMARKS 

In  addition  to  focussing  on  production 
experience  and  properties  of  conventionally 
produced  Q&T  HY-80/HY-100  steels  and  armour 
plate,  this  paper  has  presented  an  overview  of 
recent  developments  directed  towards  defence 
requirements  for  special  plate  grades,  which 
are  on-going  within  the  Australian  steel 
industry.  These  include  the  development  of 
a  micro-titanium  treated  HY-80/HY-100 
modification,  and  a  new  HSLA-80  grade.  Both 
developments  rely  heavily  on  the  use  and 
availability  of  modern  steelmaking,  plate 
processing  and  heat  treatment  facilities. 
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PROPERTIES  AND  PROSPECTS  OF  APPLICATION 
OF  A  HSLA  STEEL  (WDL-60)  WITH  LOW 
SUSCEPTIBILITY  TO  WELD  CRACK 


Chen  Xiao 

Iron  &  Steel  Research  Institute 
Wuhan  Iron  &  Steel  Company 
Wuhan,  P.  R. China 


Abstract 

This  paper  Introduces  the  properties  and 
applications  of  a  H3LA  steel  with  low 
susceptibility  to  weld  crack  researched 
and  developed  by  the  Wuhan  Iron  and  Steel 
Company  in  recent  years.  This  steel  was 
verified  as  being  excellent  in  weldabi¬ 
lity  and  low-  temperature  toughness »and 
producing  no  cracks  in  t<50mm  plates 
without  preheating  or  with  slightly  pre¬ 
heating  (^75°C)  before  welding.  The 
plates  have  been  applied  to  the  manufac¬ 
ture  of  spherical  tanks  with  2.94HPa 
pre3sure»separated  oil  vessels  under 
7.a4MPa  pulsative  high  pressure. and  low- 
temperature  spherical  vessels  with  1000M 
volume  and  P.loMPa  pressure,  showing 
good  properties  and  gaining  obvious  eco¬ 
nomic  benefit. 


IN  VIEW  OF  THE  FACT  that  meiny  malignant 
accidents  happened  at  large  welded  steel 
structures .especially  high  pressure  ves¬ 
sels  in  recent  ten  years. WISCO  has  de¬ 
veloped  a  new-type  HSLA  steel  (WDL-60) 
with  low  susceptibility  to  weld  cracd  in 
order  to  simplify  welding  process,  save 
material,  working  -  hour  and  energy  and 
enhance  the  reliability  of  the  steel 
structures. 

TW-3  newly  developed  steel  was  de¬ 
signed  with  low  carbon  content  (*0.0954). 
reasonaboe  utilization  of  Ni.  Cr.  V.  Mo, 

B  alloying  and  micro-alloying  elements^’^ 
strict  control  of  carbon  equivalent 
value(Ceq*0.42)  as  well  as  weld  crack 
susceptibility  composition  (Pcm*0.20^, 
andwas  processed  with  quench  and  high- 
temperature  heat  treatment,  so  that  the 
optimum  microstructure,  hence,  the  excel¬ 
lent  weldability  and  low  temperature 
toughness  could  be  obtained.  The  main 
technical  standards  are  as  follows:  IP^ 
490WPa,  TS=600-740MPa,2>17>,  vE(-400o;^ 
47J,bend  test,  d=3t .  1800,  good. 


At  the  same  time, new-type  welding 
materials  matched  to  WDn-bO  steel  and 
forging  pieces  were  developed. The  large 
amount  of  experiments  and  the  results 
of  man’rfacture  and  applications  show 
that  WDl-60  steel  is  an  ideal  material 
for  large  pressure  messels,  hydraulic 
power  station  pressure  pipes, off  shore 
structures  .great  span  bid-dges  and  heavy 
engineering  machinery  used  under  severe 
conditions .and  so. has  broad  application 
prospect . 

INDUSTiaAL  TulAL 

TO  determine  the  chemical  composi¬ 
tion  of  WDL-60  steel. the  laboratary 
work  on  50:i.w  vacuiun  induction  furnace 
and  500kg  electric  arc  furnace  was  com¬ 
pleted  first  to  investigate  the  effects 
of  alloying  and  microalloying  elements 
hi.  Or,  Mo,  V,  xi.B.  N.  A1  on  the  me¬ 
chanical  properties  and  weld  simulated 
heat  circulation  thro\igh  orthogonal  de¬ 
sign  and  regressive  analysis. The  optimirm 
heat-tueatment  process  was  determine^ 
by  property  testing  and  mean  square  re¬ 
gression. 

The  indv.strial  trial  was  carid.ed 
out  on  50  ton  converter — continuous 
casting — 2800  plate  rolling  mill — heat 
treatment  oven  production  line  in  wlooo. 
The  physica#^nd  mechanical^testing,  . 
stress-cori'osiorf'’*and  welding  experiments’^ 
as  well  as  microstructure  and  mechanism 
analysiS*^ere  accomplished  by  wisou.and 
co-operative  luiiversities,  research  in¬ 
stitutes  and  manufacture  plants. 
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1 .  Chemical  Composition 
_ Table  I- Chemical  Composition 


c 

31 

Mn 

P 

S 

Ni 

Cr 

Mo 

V 

3 

Pcm 

Ceq 

0.068 

0.22 

1.11 

0.017 

0.006 

/ 

0.25 

0.17 

0.036 

0.0025 

0.17 

0.36 

0.08 

0.22 

1.36 

0.024 

0.004 

/ 

0.21 

0.21 

0.040 

0.003 

0.20 

0.41 

0.064 

0.24 

1.31 

0.022 

0.006 

0.385 

0.186 

0.20 

0.042 

0.001 1 

0.18 

0.39 

0.059 

0.27 

1.45 

0.022 

0.008 

0.436 

0.198 

0.19 

0.045 

0.0014 

0.18 

0.41 

Ceq=C+Si/24+Mn/6+Ni/40+Cr/5+Mo/4+V/14 

Pcm=C+Si/50+Mn/20+Cr/20+Ni/60+Mo/15+V/10+5B 


2.  Mechanical  Properties 

Table  2-Mechanlcal  Properties 


Plate 

thickness 

Sampling  loca¬ 
tion  and  di¬ 
rection 

Tensile  test 

Impact  test 

Bend  test 

-40°C  VE  (J) 

(i=3t  180° 

24 

L 

V2t  ^ 

510  510 

529  529 

608  598 

647  617 

26  25 

25  24 

270  220  262 

175  203  220 

good 

36 

L 

V4t  ^ 

588  608 

568  568 

676  676 

647  637 

20  20 

22  23 

224  216  184 

166  147  168 

good 

50 

.  —  i 

L 

V4t  ^ 

598  598 

568  627 

666  676 

686  696 

21  22 

18  19 

172  159  "162 

109  117  137 

good 

Toughness  Testing 

3,1  Impact  Teat  with  Instrument  plate  section.  The  testing  results  are 

-  All  the  specimens  were  taken  shown  in  ?ig.l 
from  the  1/4  thickness  position  in  the 


ft  m 


3*2  Ductility  -  Brittleness  Transition 
Temperature  assessed  by  Various  Methods 
and  Criteria. 


Table  3  - 

Ductility  - 

Brittleness 

Transition 

Temperature 

Plate 

thickness 

Specimen 

orientation 

ITT  (°C) 

FATT  (°C) 

VT47J  (°C) 

VTo.38  (°C) 

-40°C  VE  (J) 

( average ) 

24 

L 

-80 

-80 

-80 

-80 

251 

T 

-72 

-76 

-80 

-80 

187 

36 

L 

-80 

-80 

-80 

-80 

208 

T 

-64 

-47 

-80 

-80 

161 

50 

L 

-66 

-64 

-80 

-80 

165 

T 

-46 

-40 

-60 

-76 

122 

Note  :  ITT  -  Impact  Transition  Temperature  by  50'o  Maximum  shelf  energy 

FATT  -  Fracture  Appearance  Transition  Temperature  by  50fo  brittle  grain  fracture. 
VT^^j  -  ITT  by  47J  impact  energy. 

VTq^^q  “  specimen  bottom  side-expansion  value  0.38mm. 


3.3  Drop  Weight  Teat  -  According  lity  Transition  (NDT)  temperature.  The 

to  ASTM-E208  standard,  P2  type  specimen  results  are  shovm  in  Table  4. 

were  adopted  to  determine  the  Nil-Ducti- 


Table  4-  Results  of  NHL  Drop  Weight  Teat _ 

Plate  Specimen  Specimen  Impact  NDT  temp.  (°C) 

thickness  Orientation  type  energy  (J) 

(mm) _ _ _ _ 

1  P2  402 

24 

^  T  P2  402 


-55 

-50 


36  L  P2  402  -55 

_ _ T _ £2 _ 402 _ ^ 

L  P2  402  -50 

_ T _ £2 _ 4£i2 _ -45 

3.4  Crack  Tip  Opening  Displacement  Test 
-  The  COD  characteristic  values/^  and^.»5 
are  illustrated  in  Table  5. 


Table  5  -  COD  Test  Results 


Plate 

thickness 

(mm) 

Specimen 

orientation 

Specimen  size 

(nun) 

a/w 

Testing 

temgeyature 

COD  charact.  value 

24 

TL 

20x24*116 

0.45 

room  temp . 

0.114 

0.171 

room  temp. 

0.152 

0.186 

36 

TL 

26*31 .2*145 

0.40 

-40 

0.146 

0.181 

-80 

CO 

0 

0.180 

50 

T1 

26*31 .2x145 

0.40 

room  temp. 

0.167 

0.202 

3.5  J  Integral  Test  -  The  results  of  the 
J  Integral  Test  shown  in  Table  6. 
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Table  6  -  Results  of  J  Integral  Test 


Plate 

thick- 

ne33(mm) 

Specimen 
Position  & 
orientation 

J  Integral 
Charact . 

Value  (N/mm) 

Ji 

'^0.05 

•^0.02 

36 

,  LT 
t/4 

TL 

120.4 

113.8 

188.1 

150.7 

391.0 

261.6 

50 

,  LT 
t/4 

TL 

122.9 

'1  12.0 

177.5 

143.7 

341.2 

238.8 

5  *6  Fatigue  Crack  Propagation  Rate  da/dN 


Table  7  -  Results  of  da/dN  Tests _ 

Specimen  size!  Regressive  Equation 


Specimen  size 
BXWxi(mm') 
20X24X116 


da/dN=5. 7287x10 


Note:  a  -  0.25~0.60mm 

Ratio  of  stresses  -  0.1 
Frequency  -  50Hz 


4.  Special  Tests 

4.1  Z-Direction  Tensile  Test 
Table  8  -  Results  of  Z-Dlrection  Tensile 


Test 


Plate 

Specimen 

Z-direction 

Standard 

thickness 

size 

Tensile 

(mm) 

(mm) 

TS(HPa) 

Ti.'^ 

50 

do=10 

Lq= 1 . 5do 

676 

/v696 

42 

'>'53 

^35 

4.2  Strain  Aging  charpy  Impact  Test  - 
At  the  strain  rate  of  5%f  the  aging 
treatment  (250°Cx1hr.  -  AC) was  given  and 
the  test  pieces  used  for  the  impact  test 
were  taken.  Then,  the  strain  aging 
Charpy  impact  test  was  conducted. 


Table  9  -  Results  of  Strain  Aging  Charpy 


Impact  Test 


Plate 
thick¬ 
ness  (mm) 

Specimen 

orienta¬ 

tion 

Impact  Test 
-40OCVEA(  J) 

matrix  aged 

Suscepti¬ 

bility 

index 

results 

36 

T 

148 

109 

119 

132 

89 

97 

0.15 

50 

T 

98 

115 

90 

1 19 
60 
66 

0.19 

4-3  Fatigue  Test  -  The  test  results 
are  shown  in  Table  10. 

From  the  results  of  toughness  tests 
and  some  special  tests  described  above, 
it  can  be  seen  that  WDl-60  steel  has  ex¬ 
cellent  low  temperature  toughness,  with 
high  impact  energy  at  -60OC  (Fig  1), 
very  low  ductility-brittleness  tran¬ 
sition  temperature  from  -60^0  to  -SO^C 


Table  10  -  Fatigue  Test  Results 


Plate 

thick¬ 

ness 

(mm) 

Stress 

condi¬ 

tion 

Smooth 
specimen 
without  notch 
(^.15  (MPa) 

45  °x  2mm 
notched 
specimen 
(5^.15  (MPal 

36 

tensile- 

tensile 

No  brittle 
fracture 

235 

50 

tensile- 
tensil e 

No  brittle 
fracture 

235 

Note:  Frequency  f=170Hz 


Stresses  Ratio=0.15 

by  most  of  testing  methods  (Table  3)  and 
NDT  temperature  from  -45°C  to  -55°C  by 
Drop  Weight  Test  (Table  4);  at  the  same 
time,  this  steel  has  good  fracture  be-_ 
sistance  with  COD  characteristic  value  Oi 
from  0.114  to  0.167  mm,  J-integral  char¬ 
acteristic  value  Ji  from  112.0  to122.9 
(Tables  5  and  6),  and  excellent  fatigue 
resistance,  without  any  brittle  fracture 
for  smooth  specimen  under  high  frequency 
fatigue,  even  for  45°x2mm  notched  speci¬ 
men,  with  a  yield  stress  of  235MPa  (Table 
10).  Furthermore,  WDL-60  steel  can  satis¬ 
fy  large  engineering  steel  structure's 
Z-direction  requirements,  namely , ^35^ 
during  Z-direction  tensile  (Table  8)  and 
it  also  has  low  susceptibility  index 
(0.15-0.19)  to  strain  aging  (Table  9). 

5.  The  Effect  of  Stress-Relief  Heat 
Treatment  on  Properties 


SU  Condltion3(0C  Ihr.and  A.C.) 


Fig. 2  Effect  of  SR  Treatment  on 
Mechanical  Properties 
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5-2  The  Effect  of  SR  Treatment  on  NDT 
Temperature 


Table  11  -  Results  of  NRL  Drop  Weight  Test 


SR  Process 

Without  SR 

SR 

SR 

SR 

QT  state 

550°Cx5hr 

580OCx5hr 

610OCx5hr 

NDT  Temp. 

-50°c 

-35  °C 

-40°C 

-45°C 

5«3  The  Effect  of  SR  Treatment  on  COD  & 
J-integral  Characteristic  Values 


Table  12  -  Results  of  COD  &  J-integral  Test 


Characteristic 

Without  SR 

n  ^ 

R  Treatment .  .  __ 

Values 

QT  state 

550''Cx5hr 

580°Cx5hr 

6l0OCx5hr 

(mm) 

0.113 

0.127 

0.116 

0.127 

^ "05  ( nini) 

0.155 

0.188 

0.163 

0.174 

(N/mm) 

113.8 

118.7 

108.7 

118. 5 

*^0.05  (N/mm) 

150.7 

167.5 

145.0 

155.0 

Jo. 2 (N/mm) 

255.7 

314 

254.3 

264-9 

It  can  be  seen  from  Fig -2  and 
Table  11  &  12  that  after  stress-relief 
heat  treatment  under  the  temperature  of 
550Oc^610OC  for  5hr,  WDL-60  steel  keeps 
good  strength,  plasticity  and  toughness 
as  well  as  fracture  resistance  similar  to 
those  of  the  steel  without  SR  treatment, 
only  with  a  slight  rise  in  NDT  tempera¬ 
ture. 

Table  13  -  Results 


6.  Stress  Corrosion  Resistance 

6.1  Constant  Stress  Tension  Test 
(Table  13) 

6.2  Simple  Supnorting  Beam  Test 
(Table  13) 

6.3  Constant  Displacement  WOL  Test 
(Table  13) 

of  (fth^  Sc  &  WOL  Test 


Specimen 

position 

Plate 

thickness 

YP 

(MPa) 

r720hr) 

Sc 

(MPa) 

Kl3CC_ 
(M/m^^  ) 

Kiscc/YP 
(mm*i  ) 

Matrix 

24 

549 

/ 

1360 

52.7 

3.04 

Matrix 

36 

588 

0.69YP 

970 

46.8 

2.52 

Welded 

joints 

36 

549 

0.61YP 

/ 

53.9 

3.11 

Standard 

/ 

5^490 

^.45YP 

i830 

/ 

^1.51 

WDL-60  steel  plate  and  welded  joints 
were  tested  in  H2S  solution  by  con¬ 
tent  stress  tension,  simple  supporting 
beam  and  WOL  methods  according  to  NACE 
standard,  and  showed  higher  (^h«  Sc  and 
Kiscc/^  values  than  the  standards,  and 
good  H2S  stress  corrosion  resistance. 

7.  Weldability 

7.1  Cold  crack  Suseptibillty  Test 

7.1.1  Maximum  Hardness  Test  (Table  I4) 


Table  I4  -  Results  of  Maximum  Hardness 
Test 


Plate 

Specimen 

Maximum  Hardness 

thick- 

thick- 

Room  temp. 

Preheat  50'^’C 

ness 

(mm) 

ness(mm) 

welding 

welding 

36 

20 

320  Hv 

280  Hv 

7.1.2  Y-slit  Restraint  Cracking  Test 

-  In  accordance  with  JIS  Z3158,  Y  Slit 
Restraint  Cracking  Test  was  conducted. 

The  test  results  are  shown  in  Table  15. 

Table  I5  -  Results  of  Y  Slit  Restraint 


Cracking  Test 


Preheating  Temp.(OC) 

25 

( room  temp . ) 

50 

Cross  Section 
crack  rate 

0 

0 

Root 

crack  rate 

0 

0 

Note;  Welding  seam  diffusible  hydrogen 
content  equals  to  1.46ml/lOOg 


7.1.3  Window-type  Restraint  Cracking 
-  Window-type  restraint  cracking  tests 
with  angular  distortion  are  used  to  test 
the  cracking  of  the  weld  toe  in  butt- 
welded  joints  which  are  produced  under 
angular  distortion  and  in  which  a  large 
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bending  moment  is  induced  as  a  result  of 
welding. 


Table  16  -  Results  of  Wendow-type  Restraint  Cracking  Test 


Restraint  Plate 

Specimen  plate 

preheating 

Heat 

Interpass 

Holding 

test  methods 

size  (mm) 

size  (mm) 

temperature 

(°C) 

input 

(Kj/cm) 

temp . 

(°C) 

time 

after 

welding 

cut 

X-ray  piece 

1200x1200x50 

500x180X36 

50 

17-25 

150-200 

48 

No  crack 

7.1.4  Tensile  Restraint  Crack  (TRC)  Test 
(Fig. 3) 


Fig. 3  The  effect  of  different  processes 
on  the  critical  restraint  stress 

The  above  experimental  results  show 
that  'rfHL-60  steel  Hvmax<330  (Table  14), 
has  low  hardenability .  Root  cracks  can  be 
avoid  completely  when  extra  low  hydrogen 
electrode  with  iHJ<1 . 5ml/100g  are  adopted 
(Table  15).  Window  shape  restraint  tests 
also  show  that  no  cracks  occur  (Table  16). 
This  experiment  simulated  large  steel 
structure  restraint  conditions  and  welding 
processes  on  the  spot.  TRC  test  can  be 
used  to  in  vestigate  the  effects  of  re¬ 
straint  stress,  welding  seam  diffusive 
hydrogen  content  and  welding  techniques 
etc.  on  the  cold  crack  suseptibillty  quan¬ 
titatively,  and  the  critical  restraint 
stress  Ocr  is  taken  as  the  criterion. 

Fig.  3  indicates  that  the  of  WDL-60 
steel  is  higher  than  yield  point.  From 
what  is  mentioned  above  it  can  be  seen 
that  this  steel  has  excellent  cold  crack 
resistance. 


simulated  to  hand-welding  (17.5KJ/cm)  and 
submerged  arc  welding  (40.5KJ/cm)  was 
adopted.  The  results  show  that  the  soli¬ 
dification  crack  critical  stresses  ^min 
of  this  steel  simulated  to  hand-welding 
and  submerged  arc  welding  are  1.155^  and 
no  crack  respectively.  The  corresponding 
HAZ  liquified  crack  critical  strain  6min 
for  hand -welding  is  2.545'b  and  no  crack 
for  submerged  arc  welding.  This  illus¬ 
trates  that  this  steel  has  very  good  hot 
crack  resistance. 

7*3  Reheating  Crack  Susceptibility  Test 

-  The  high  temperature  slow  tensile 
test  reccxnmended  by  IIW  and  the  implant 
method  were  adopted.  The  results  show 
that  when  the  SR  temperature  is  higher 
than  600°C,  there  is  a  certain  degree  of 
reheating  crack  susceptibility.  However, 
when  SR  temperature  decreased  to  580°C, 
the  reheating  crack  susceptibility  de¬ 
creased  remarkably,  or  even  no  crack 
produced.  In  fact,  in  the  explosion  test 
of  WDL-60  steel  simulative  pressure  ves¬ 
sel,  the  end  covers  and  connected  pipes 
were  SR  treated  under  600°C)(2hr  after 
welding,  the  welding  seam  surface  were 
examined  by  1005*  color-painting  test,  and 
no  cracks  were  found.  During  the  explod¬ 
ing,  the  real  pressure  exceeded  the  theo¬ 
retical  estimate,  the  original  exploding 
point  was  not  on  the  SR  treated  connec¬ 
tion,  but  was  on  the  matrix  of  the  pipe. 
This  shows  that  WDL-60  steel  has  no  bad 
results  after  600^0  SR  treatment. 

7.4  V/elding  process  Estimation  Test 
-  According  to  #<The  Pressure  Vessel 
Safety  Test  Standard”  published  by  the 
Labor  Ministry  of  the  People's  Republic 
of  Chna,  the  hand  welding  process  of  WDL- 
60  steel  was  verified.  The  welding  posi¬ 
tions  are  classified  as  downhand  welding, 
vertical  welding  and  horizontal  welding. 
The  groove  shape  was  of  unsymmetrical  X 
shape.  Welding  heat  input  was  17-~25KJ/cm 
without  preheating  and  the  temperatures 
between  layers  were  150'^200OC. 

7.4.1  Jin  Zhou  Heavy  Machine  Plant 
Welding  Process  Estimate  -  The  test  re¬ 
sults  are  shown  in  Table  17. 


7.2  Hot  Crack  Susceptibility  Test 

Varestraint  test  with  TIG  welding 


Table  17  -  Results  of  Tensile,  Bend  and  Hardness  Tost  on  Welded  Joint 


Bend  test 

f  Impact  teat  1 

Hardness  test 

yp 

(MPa) 

TS 

(MPa) 

Bend  radius  Bend  angle 
R=1.5t  100° 

■gwiwmeiM 

HAZ.Hvmax  ( lOEg) 

ImQI 

Fusion 

line 

HAZ 

Face 

root 

aide 

490 

519 

678 

671 

good 

good 

good 

219 

70 

66 

151 

153 

94 

80 

229 

179 

289 

7.4.2  Ian  Zhou  Petroleum  Chemistry  ma¬ 
chinery  Plant  Welding  Process  Estimate 


Table  18  -  Results  of  Tensile  and  Bend  Test  on  Welded  Joint 


Welding 

Heat 

Treatment 

Tensile  test 

^(/^) 

Bend  test 

position 

input 

YP(MPa) 

TS(MPa) 

Bend  radius  Bend  angle 

KJ/cm 

1  R=1.5t 

100° 

Face 

Root 

Side 

As  welded 

598 

686 

23 

/ 

/ 

/ 

Downhand 

17-19 

SR 

588 

647 

25 

good 

good 

good 

Vertical 

40 

SR 

/ 

632 

/ 

good 

good 

good 

Horizon 

tal 

30 

SR 

/ 

647 

/ 

good 

good 

good 

7.4.3  Charpy  Impact  Test  for  Butt  Weld¬ 
ed  Joints  of  Various  Welding  Position 
-  Charpy  impact  test  results  are  shovm  in 
Fig. 4  -  a,b|Cfd. 

It  can  be  seen  from  the  results  in 
Table  17  and  18  that  the  strength  and 
plasticity  are  higher  than  those  of  the 
standard  and  the  cold  bending  in  three 
positions  are  also  up  to  standard.  The 
results  in  Pig. 4  shows  that  the  -40°C 
low  temperature  impact  energy  in  three 
positions  are  higher  them  47J  defined  by 
the  standard.  Thus,  WDL-60  steel  can 
adapt  to  the  welding  process  and  satisfy 
the  property  I’equlrement .  especially  the 
low  temperature  toughness  requirement. 

8.  Microstructure  Analysis 


Fig. 4 -a  2mm  V  wotch  Uharpy  Impact 

j-Bst  itesults  of  welded  Joint 
(Pownhand  welding) 


8.1  Quenching  state:  After  water-quench 
the  microstructure  of  WDL-60  steel  was 
lath  martensite  and  bainlte  in  various 
amount  with  the  change  of  plate  thickness, 
as  shown  in  Fig. 5.  Under  the  transmission 
electron-microscope,  this  kind  of  bainite 
could  be  identified  as  type  I  bainite(BI) 
and  type  jir  bainite (B^) ,  while  neither 
type  :Cbainite(Bj[)  nor  filmy  and  granular 
pearllte  and  sorbite  was  foTuid  in  the 
film  specimen  (Fig. 6). 

8.2  Quench  and  high-temperature  temper 
state: 

The  microstructure  analysis  revealed 
various  structure  changes  during  precipi¬ 
tation,  recovery  and  recrystallization 
through  high  temperature  temper  treatment 
in  the  quenched  WDL-60  steel. 

In  the  process  of  precipitation. 


Fig.4-b  2mm  V  notch  Charpy  Impact 

lest  results  of  welded  Joint 
'.fter  Bit  treatment 
(Downhand  welding) 
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I'cnt  Temperature*  oc 


j:'ig-4-c  2mm  V  MOtch  uharpy  impact 

lest  results  of  welded  Joint 
after  SR  Treatment  (Vertical 
welding) 


Tor»w  Temperature* 

i;'ig.4-d  2mm  V  Notch  Charpy  Impact  lest 
xtesulte  of  Welded  Joint  after  Sn 
Treatment  (  Horizontal  position 
welding  ; 

because  of  the  high  density  of  disloca¬ 
tion  (about  1Cr^10'*/cm  )  and  the  inner 
twin  in  the  martensite  lath,  which  can 
form  the  nuclei  of  the  second  phase  pre¬ 
cipitation  just  like  the  martensite  lath 
boundaj-ies,  the  carbide  can  precipitate 
either  on  the  martensite  bo'indarles  or  in 
the  martensite  lath,  as  shown  in  Fig. 7. 

But  in  the  bainite  lath,  there  are  very 
few  saturated  carbon  atoms,  nor  disloca¬ 
tions  and  twins  as  the  nuclei  of  preci¬ 
pitation,  therefore,  very  few  carbide  par¬ 
ticles  can  be  seen  in  the  bainite  lath. 
Residual  austenite  between  BI  and  marten¬ 
site  lath  transformed  into  sorbite  in  a 
quite  small  micro-zone. 

During  recovery,  the  dislocation 
twists  are  untied,  and  offset  to  each 
other.  Those  Daths  with  small  angle 
boundaries  merge  into  broad  laths,  even  a 
bunch  of  laths  merge  into  one  lath.  This 
process  leads  to  most  carbide  precipi¬ 
tating  on  the  bunch  boundaries,  as  shown 
in  Fig. 8. 

With  the  transition  of  large  angle 
boundaries,  recrystallization  starts  and 
polygonal  ferrite  gradually  comes  into 


Fig.  6 


Irocipitation  after 
quench  under  eletr^n- 


microscope 

(Film  specimen)  30000;( 


Fig,  7  Precipitation  after 

quench  under  electron- 
microscope 

(Film  specimen)  '5”'500X 


being,  in  which  the  density  of  dislocation 
further  decreases;  and  the  second  phase 
particles  originally  segregated  on  the 
lath  boundaries  and  on  the  bunch  bound¬ 
aries,  tend  to  distribute  homogeneously, 
as  shown  in  Pig. 10.  When  the  temper  tem¬ 
perature  ir  creases,  especially  to  {0C+)r') 
Interstitial  zone  ,  martensite  islands  and 
recrystall ized  ferrite  will  occur  (Fig. 11). 
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i'ig.8  Precipitation  after  quench 
under  elect ronmicroscope 
(extracted  duplication;  ^ 


i'ig.9  nficoverj-  structure  after 
quench  (extracted  duplication) 
5600X 


1% 


i'ig.10  Kecrystallization  after 

quench  (jixtracted  duplication) 
4000X 


8. '5  The  Optim-im  Combination  of  Strength 
and  Toughness . 

The  large  amount  of  experimental  re¬ 
sults  show  that  under  reasonable  quench 
and  temper  process  of  WDl-60  steel,  the 
optim’om  combination  of  strength  and 
toughness  corresponds  to  the  microstruc¬ 
ture  obtained  from  the  last  stage  of  re¬ 
covery  during  the  tempering  treatment. 
Even  the  microstructure  obtained  from  the 


Pig. 11  itecrystallization  after 
quench  (i'ilm  specimen) 

18000X 

preliminary  stage  of  recrystallization  can 
still  keep  good  balance  of  strength  and 
toughness . 

THE  APPLICATION  OF  WDL-60  STEEL 

1 .  Large  Spherical  Tank 

WDL-60  steel  has  been  applied  by 
Jinzhou  Heary  Machinery  Plant  and  Lanzhou 
Petroleum  Chemistry  Machinery  Plant  to  the 
manufacture  of  large  spherical  vessels, 
such  as,  oxyx^en  spherical  vessels  with 
volumes  of  POOIP  and  400K^ ,  designing 
pressure  2.94HPa  and  the  shell  thickness 
50  &  38  mm;  ethylene  spherical  vessel  of 
1000M5  valume,  -40°C  temperatur  .  2.16MPa 
pressure  &  38  mm  shell  thickneo.  ,  gas 
tank  with  2000M^  volume,  1.67MPa  pressure 
&  36  mm  shell  thickness.  Through  the 
manufacture  and  ■'nstallation ,  for  example, 
cutting,  groove-working,  cold-forming, 
welding  and  repairing  as  well  as  final 
constructing  WDL-60  steel  shows  excellent 
process  properties  and  the  performance  of 
spherical  vessels  is  very  good. 

2.  High  Pressure  Oil  Seperate  Vessels 

WDL-60  steel  was  also  adopted  by 

Hunan  Electric  Power  Equipment  Plant  to 
make  pulsative  high  pressure  oil  separate 
vessels  with  7.84MPa  pressure,  40 
times/min  pulsative  frequency  and  24mm 
hull  thickness.  A  group  of  four  vessels 
were  used  to  make  up  a  powerful  high  pre¬ 
ssure  pump  which  was  purchased  by  Hang¬ 
zhou  Power  Station  to  send  the  dust  pulp 
to  a  place  26.5km  far  away.  This  kind  of 
vessels  had  been  made  of  16MnR  steel 
plate  of  30nim  and  produced  cracks  in  less 
than  400hr.  Since  WDL-60  steel  was  adop¬ 
ted,  the  vessels  have  been  working  for 
more  than  6000hr  without  any  cracks.  Ac¬ 
cording  to  the  estimate  based  on  the 
fatigue  testing  curve,  the  oil  separate 
vessels  made  of  WDL-60  steel  will  work 
5'~10  years. 

3*  High  water  Fall-Difference  Power 
Station  Pressure  Pipes,  off  shore  struc- 
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tures,  liquified  Gas  Ship,  Great  Span 
Bridge  and  High  Stress  and  Load  Engineer¬ 
ing  Machinery  Applications  Prospect: 

WDL-60  steel  has  been  verified  by  the 
domestic  departments  concerned,  and  is 
considered  to  be  excellent  in  low  tem¬ 
perature  toughness  and  weldability,  and 
can  be  compared  with  the  advanced  pro¬ 
ducts  of  similar  grades  in  the  world. 

Thus,  the  application  of  WDl-60  steel  in 
above  fields  har  broad  prospect. 

CONCLUSIONS 

1.  WDL-60  steel  is  a  HSLA  steel  with 
low  susceptibility  to  hot,  cold  and  re¬ 
heating  weld  crack  which  has  excellent 
weldability  without  preheating  or  with 
slight  preheating  under  75°C  mainly  due 
to  low  carbon,  low  carbon  equivalent 
(Ceq)  micro  alloying  and  welding  crack 
susceptibility ccmposition  (Pern)  control. 

2.  This  steel  has  good  low  temperature 
toughness  based  on  the  reasonable  heat 
treatment  process  and  obtained  fine  mi¬ 
crostructure  proved  by  various  toughness 
tests  and  welding  process  estimate  exper¬ 
iments  . 

3.  This  steel  was  applied  to  large 
spherical  vessels  and  pulsative  high 
pressure  oil  separate  vessels.  The  per¬ 
formance  of  above  vessels  is  good. 

Because  of  the  comprehensive  proper¬ 
ties,  the  welding  process  was  simplified, 
the  manufacture  period  was  shortened,  the 
plate  thickness  was  decreased,  the  wel¬ 
der's  working  conditions  were  improved, 
the  quality  and  reliability  of  large  steel 
structure  was  enhanced,  the  service  life 
of  the  vessels  will  be  prolonged,  the 
economic  benefit  and  social  benefit  are 
obvious.  The  application  prospect  is 
quite  broad. 
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Abstract 

The  properties,  microstructures  and  alloy 
design  considerations  for  low-carbon,  copper¬ 
bearing,  precipitation-aged  plate  steels  are 
presented.  Four  chemistries  based  upon  the 
A710/HSLA-80  system  with  modified  levels  of  Mn, 
Mo,  Ni  and  Cu  were  investigated.  Commercial 
heats  with  plate  thicitnesses  up  to  8  inches 
(203  mm)  provided  the  sample  material  for  this 
investigation.  The  transformation  behavior  is 
characterized  by  continuous  cooling  transform¬ 
ation  diagrams  established  with  a  computerized, 
closed-loop,  thermomechanical  system.  Depend¬ 
ing  on  alloy  content,  proeutectoid  ferrite, 
granular  bainite,  and  martensite  were  found  to 
be  the  dominant  microstructures  over  wide 
ranges  of  cooling  rates.  The  effects  of  ageing 
and  plate  thickness  on  strength  and  toughness 
are  documented.  In  the  most  hardenable  steel, 
slight  increases  in  carbon  content  (0.04  pet  to 
0.06  pet)  were  found  to  significantly  increase 
strength.  Structural  refinement  via  double 
austenitizing  or  controlled  rolling  prior  to 
heat  treatment  improved  toughness. 


LOW-CARBON,  COPPER- BEARING ,  precipitation- 
aged  plate  steels  have  been  attracting 
increasing  interest  and  applications.  These 
steels  have  evolved  from  IN-787,  which  was 
developed  in  the  late  1960's  by  the 
International  Nickel  Corapany^^^.  Steels  with 
a  nominal  composition  1  pet  Cu,  0.8  pet  Ni, 

0.7  pet  Cr,  0.2  pet  Mo,  and  a  small  amount  of 
Nb  have  been  designated  as  A710  for  structural 
applications  and  A736  for  pressure  vessel 
applications  over  10  years  ago  by  ASTM.  This 
type  of  steel  has  been  used  in  a  variety  of 
applications  including  offshore  platforms, 
arctic  linepipe  valves,  mining  equipment,  and 
drr^ging  equipment.  However,  a  significant 
recent  application  of  these  steels  is  as  a 
replacement  for  HY-80  (MIL-S-16216)  steels  by 


the  U.S.  Navy.  The  military  specification  for 
the  military  form  of  this  steel  is  MIL-S-24645 
and  the  steel  is  commonly  referred  to  as  "HSLA- 
80".  In  all  applications  of  this  steel,  the 
high  strength  (80  ksi,  552  MPa  min.  yield 
strength)  and  excellent  toughness  are  critical 
to  its  application.  However,  of  greatest 
importance  is  the  excellent  weldability  of  the 
low-carbon  alloy. 

Copper-bearing,  precipitation-aged  steels 
were  originally  developed  for  use  in  the  rolled 
and  aged  condition.  Controlled  rolling  pro¬ 
vides  higher  strength  and  toughness  in  thicker 
plates^^^.  When  the  ASTM  specifications  were 
developed,  three  classes  of  steel  were  identi¬ 
fied;  Class  1  plates  are  produced  by  rolling 
and  ageing,  Class  2  by  normalizing  and  ageing, 
and  Class  3  by  austenitizing,  water  quenching, 
and  ageing  (Q&A) .  Currently,  thinner  plates, 
less  than  5/16  inches  (7.9  mm),  are  produced  as 
Class  1  or  Class  2  for  U.S.  Navy  applications. 
All  thicker  plates  are  produced  by  Class  3  Q&A 
methods.  The  major  tonnage  of  steel  used  in 
Naval  or  commercial  applications  has  been  in 
the  Q&A  treatment.  All  of  the  results  reported 
in  this  paper  will  be  on  Q&A  alloys. 

The  successful  application  of  HSLA-80/A710 
steels  has  led  to  further  study  of  strength/ 
toughness/thickness  interrelationships . 
Recently,  a  modified  A710  steel  with  higher  Mn 
(1.4  pet)  and  Mo  (0.45  pet)  content  (A710 
Modified)  was  developed,  which  exhibited 
improved  strength/toughness/thickness  proper- 
ties^^^.  In  conjunction  with  the  U.S.  Navy,  a 
new  grade  of  steel  known  as  HSLA-100  with 
higher  amounts  of  Ni,  Cu,  Mn,  and  Mo  than  those 
of  the  HSLA-80/A710  was  developed^^^ .  A  steel 
with  a  chemistry  intermediate  to  HSLA-80  and 
HSLA-100  has  also  been  developed^^) ,  This 
intermediate  composition  (HSLA-80/100 
modified)  has  higher  levels  of  Mn,  Mo,  and  Ni 
than  the  HSLA-80  steel,  but  less  than  the 
3.5  pet  Ni  found  in  HSLA-100.  This  intermedi¬ 
ate  chemistry  was  developed  to  provide  80  ksi 
(552  MPa)  minimum  yield  strength  in  thicket- 
plates  and  100  ksi  (690  MPa)  minimum  yield 
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for  chin  plates  with  a  leaner  chemistry  than 
HSLA-100.  In  the  following  sections,  the 
alloy  design  considerations,  the  properties, 
and  the  microstrucCures  of  these  copper¬ 
bearing,  precipitation-aged  steels  are  present¬ 
ed.  All  plates  for  evaluation  of  these  four 
alloys  were  produced  from  commercial  heats  with 
the  heat  chemistries  presented  in  Table  I. 

ALLOY  DESIGN  CONSIDERATIONS 

The  original  alloy  development  program 
responsible  for  the  A710  grade  of  steel  identi¬ 
fied  the  importance  of  key  alloying 
elements Since  that  time,  a  need  to 
improve  the  strength  and  toughness  levels  for 
thicker  plates  has  led  to  further  developments 
in  this  alloy  system.  As  introduced  above, 
these  developments  have  led  to  an  improved 
understanding  of  the  influence  of  increased 
alloy  additions  on  the  behavior  of  this  family 
of  steels.  Detailed  below  are  Che  metallurgi¬ 
cal  contributions  of  each  of  the  important 
alloying  elements. 

-  Carbon:  In  the  original  A710  specifi¬ 

cation,  C  was  limited  to  0.07 
pet.  This  low-carbon  content 
leads  to  improved  weldability 
of  this  grade  of  steel  as  is 
indicated  by  the  Graville 
diagram^®)  shown  in  Figure  1. 
It  has  been  demonstrated  Chat 
these  alloys  can  be  welded 
with  little  or  no 
preheat^^ ’ .  Lower  carbon 
contents  also  lead  Co  improv¬ 
ed  toughness.  At  these  low- 
carbon  levels,  small  changes 
in  C  content  can  affect 
strength  dramatically. 

-  Copper:  The  addition  of  copper  in¬ 

creases  strength  in  these  low- 
carbon  steels  by  precipitation 
of  copper-rich  particles  during 
ageing.  Copper  also  improves 
hardenab ility  and  decreases 
the  tempering  rate  of  bainitic 
and  martensitic  regions  during 
high- temperature  ageing. 

-  Nickel:  Nickel  was  originally  added  in 

amounts  greater  than  0.7  pet  to 
prevent  the  hot  shortness 
normally  associated  with 
copper - conta ining  steels^^). 
Nickel  dramatically  increases 
the  hardenability  and  promotes 
higher  toughness. 

-  Chromium  and  Molybdenum:  Both  of  these 

alloying  elements  were  origin¬ 
ally  added  to  retard  Cu- 
precipitation  during  cooling 
from  the  austenite  range. 
These  elements  are  very 
important  in  influencing  the 
transformation  kinetics  of 
these  steels,  and  particularly 


they  increase  bainitic  harden¬ 
ability  by  delaying  the  onset 
of  proeutectoid  ferrite  forma¬ 
tion.  Both  elements  are 

important  in  retarding  temper¬ 
ing  during  the  ageing  treat¬ 
ment  . 

-  Niobium:  This  alloying  element  provides 
grain  refinement  during  hot 
rolling  and  subsequent  austen¬ 
itizing  treatments. 

The  influence  of  these  alloying  elements 
on  the  bainite  start  (Bg)  temperature  is  deter¬ 
mined  by  the  Steven  and  Haynes  formula^^®^ . 

Bg  (°C)  -  830  -  270  (pet  C)  -  90  (pet  Mn) 

-  37  (pet  Ni) 

-  70  (pet  Cr) 

-  83  (pet  Mo)  (1) 

The  martensite  start  (Mg)  temperature  as  a 
function  of  composition  is  given  by  the 
Andrew's  product  formula^^^^ : 

Mg  (°C)  -  512  -  453  (pet  C) 

-  16.9  (pet  Ni) 

+  15  (pet  Cr) 

-  9.5  (pet  Mo) 

+  217  (pet  Cy 

-  71.5  (pet  C*  pet  Mn) 

-  67.6  (pet  C*  pet  Cr)  (2) 

Increased  alloying  therefore  promotes  structur¬ 
al  refinement  by  lowering  the  Bg  and  Mg 
temperatures.  Others  have  found  the  Steven  and 
Haynes  formula  useful  in  studies  of  ultra  low 
carbon  bainitic  steels^^^^.  The  carbon 

equivalent  values  are  also  dependent  on  the 
amounts  of  alloying  elements.  The  Graville 
diagram  is  based  upon  the  carbon  equivalent 
(CE)  formula  as  shown  in  Figure  1 .  The 
calculated  Bg ,  Mg  and  CE  values  are  summarized 
in  Table  II  for  the  five  commercial  heats  of 
steel  evaluated  in  this  program.  Of  prime 
importance  to  the  microstructural  development 
is  the  effect  of  alloying  elements  on  the 
location  of  the  proeutectoid  ferrite  C-curve. 
Hence,  the  austenite  transformation  behavior  is 
best  described  by  continuous  cooling 
transformation  (CCT)  diagrams. 

CONTINUOUS  COOLING  TRANSFORMATION  BEHAVIOR 

To  better  understand  the  response  of 
characteristics  of  austenite  decomposition,  CCT 
diagrams  were  developed  for  three  of  the 
alloys:  HSLA-80,  A710  Modified  and  HSLA-100 

with  0.06  pet  C.  These  diagrams  are  useful  for 
understanding  the  transformation  response  of 
these  alloys  to  water  quenching  of  various 
plate  thicknesses  from  austenitizing  tempera¬ 
tures.  The  CCT  work  was  performed  on  a 
Gleeble  1500  machine.  The  specimens  used  in 
the  study  were  0.25  inches  (6.35  mm)  round  and 
4.0  inches  (101.6  mm)  in  length.  Hollow 
specimens  were  cooled  at  the  fastest  rates  by 
quenching  in  helium.  Radial  contraction  was 
measured  at  the  midspan  diameter  of  each  test 
specimen  as  a  function  of  temperature. 
Specimens  were  heated  by  electric  resistance 
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Table  I  -  Chemistries  of  Mill  Production  Heats  and  Chemistry  Specification 

(weight  percent) 


C 

Mn 

P 

S 

Cu 

Ni 

Cr 

Mo 

Nb 

HSLA-80 

.05 

.50 

.009 

.002 

1.12 

.88 

.71 

.20 

.28 

.035 

A710  Modified 

.06 

1.45 

.012 

.002 

1.25 

.97 

.72 

,45 

.35 

.040 

HSLA-100 

Heat 

#1 

.04 

.86 

.008 

.002 

1.58 

3.55 

.57 

.60 

.27 

.033 

Heat 

#2 

.06 

.83 

.010 

.002 

1.66 

3.48 

.58 

.59 

.37 

.028 

HSLA-80/100 

.037 

Modified 

.05 

1.00 

.009 

.001 

1.23 

1.77 

.61 

.51 

.34 

MIL-S-24645 

HSLA-80 

-  Min. 

.40 

1.00 

.70 

.60 

.15 

.02* 

-  Max. 

.07 

.70 

.025 

.010* 

1.30 

1.00 

.90 

.25 

.40 

.06 

Interim 

HSLA-100 

-  Min. 

.  75 

1.45 

3.45 

.45 

.55 

.02 

-  Max . 

.06 

1.05 

.015 

.006 

1.75 

3.65 

.75 

.65 

.40 

.06 

*  For  A710  0 

,025  pet  max. 

S  and 

0.02 

pet  min. 

Nb  only. 

Table  II 

-  Experimental  and 

Calculated  Critical  Temperature 

Ks 

(a) 

Ce(®) 

Aci^'*^ 

^C3 

(d) 

°F 

(°C) 

°F  ( 

°C) 

OF  (Og) 

°F 

(°C) 

HSLA-80 

894 

(479) 

1242 

(672) 

.42 

1319  (715) 

1589 

(865) 

A710  Modified 

871 

(466) 

1038 

(559) 

.51 

1274  (690) 

1580 

(860) 

HSLA-100 

Heat  #1 

811 

(438) 

968 

(520) 

,66 

Heat  #2 

793 

(423) 

968 

(520) 

.70 

1256  (680) 

1517 

(825) 

HSLA-80/100 

Modified 

856 

(458) 

1067 

(575) 

.53 

(a)  Calculated  from  Equation  2 

(b)  Calculated  from  Equation  1 

(c)  Calculated  from  Figure  1 

(d)  Experimentally  determined  by  P.  Coldren  at  AMAX  Research 
Laboratories  using  2°C/rain.  heating  rate. 
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TEMPERATURE. 


I 


Influence  of  Carbon  Level  and  Carbon  Equivalent  on 
Susceptibility  to  HAZ  Cracking  of  Plate  Steels,  (from  Gravitle) 

Carbon,  X 


.30  .40  .50  .60  .70 


^  Mn  ♦  Si  Ni  »  Cu  Cr  »  Mo  ♦  V 
CE  -  C  .  — g  ~  ^ 

Figi'T-e  1  -  Weldability  of  Steel  As  A  Function  of 
Carbon  Content  and  Carbon  Equivalent 
from  Graville^^) 


lo'  10*  lo'  lo’  10* 


TIME.  Seconds 

Figure  3  -  Continuous  Cooling  Transformation 
Diagram  for  A710  Modified;  M  - 
Martensite,  GB  -  Granular  Bainite 


TIME,  Seconds 


Figure  2  -  Continuous  Cooling  Transformation 
Diagram  for  HSLA-80;  A  =  Austenite, 

PF  »  Proeutectoid  Ferrite,  AF  = 
Aclcular  Ferrite,  UB  -  Upper  Bainite, 
Mg  -  Martensite  Start 


TIME.  Seconds 


Figure  4  -  Continuous  Cooling  Transformation 
Diagram  for  HSLA-100 
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heating  and  the  temperature  was  monitored  with 
thermocouples  welded  to  the  specimen  midspan. 
Each  sample  was  cooled  exponentially  similar  to 
the  Newtonian  formula  for  natural 
cooling^^^ ■ .  The  cooling  time  over  the 
temperature  interval  of  1472°F  (800°C)  to  935°F 
(500°C)  was  used  to  determine  cooling  rate. 
Specimens  were  austenitized  at  1660°F  (905°C), 
which  is  the  austenitizing  temperature  used  for 
the  mill  heat  treatment  of  these  alloys .  Table 
II  presents  the  critical  temperatures  associ¬ 
ated  with  these  alloys .  The  CCT  diagram  was 
outlined  by  the  transformation  start  and  finish 
temperatures  for  each  transformation  as  deter¬ 
mined  by  dilatometry.  These  temperatures  were 
established  by  evaluating  inflection  points 
from  the  radial  contraction/temperature  record. 
Diamond  pyramid  hardness  values  were  also 
determined  at  the  end  of  the  cooling  cycle. 

Results  of  the  CCT  diagram  studies  are 
summarized  in  Figures  2  to  4.  The  experi¬ 
mentally  determined  Mg  and  Bg  temperatures 
compare  well  with  the  calculated  values. 
Furthermore,  the  location  of  the  proeutectoid 
ferrite  C-curve  reflects  the  alloy  content  of 
each  steel.  The  HSLA-80  CCT  diagram  (Figure  2) 
consists  of  proeutectoid  ferrite,  acicular 
ferrite,  martensite,  and  upper  bainlte.  This 
CCT  diagram  agrees  well  with  information 
reported  by  others  The  CCT  diagram  for 
A710  Modified  steel  (Figure  3)  shows  an  exten¬ 
sive  bainitic  region.  At  very  fast  and  very 
slow  cooling  rates,  martensite  and  proeutec¬ 
toid  ferrite  form,  respectively.  The  granular 
bainite  formed  in  the  A710  Modified  steel  is 
discussed  in  the  next  section.  The  extensive 
bainitic  region  also  correlates  well  with  the 
fact  that  fully  bainitic  microstructures  have 
been  found  in  plates  produced  from  this  alloy 
up  to  8  inches  in  thickness^^^ ,  A  preliminary 
CCT  diagram  of  the  HSLA-80/100  modified  steel 
exhibits  behavior  similar  to  the  A710  Modified, 
but  with  a  larger  martensite  region.  The 
HSLA-100  CCT  diagram  (Figure  4)  shows  an 
extensive  martensitic  region,  so  even  thick 
plates  exhibit  a  martensitic  microstructure. 
At  much  slower  cooling  rates,  granular  bainite 
and  proeutectoid  ferrite  form.  These  obser¬ 
vations  also  agree  with  results  from  mill- 
produced  materials^^^^ .  The  only  other  CCT 
diagram  available  on  comparable  steels  was 
produced  by  Speich  and  Scoonover on  an 
HSLA-80  steel  with  a  slightly  lower  carbon 
content.  Their  work  aided  in  the  interpre¬ 
tation  of  the  results  of  the  current  study, 

MICROSTRUCTURAL  CHARACTERISTICS 

As  discussed  in  the  previous  section,  a 
range  of  microstructural  constituents  have 
been  found  in  this  family  of  low-carbon  steels. 
In  HSLA-80,  proeutectoid  ferrite  is  the  primary 
microstructural  component.  Much  smaller 
amounts  of  acicular  ferrite  and  martensite  are 
part  of  the  commercially  produced 
microstructure.  Examples  of  these  raicrocon- 


stituents  are  shown  in  Figure  5.  Areas  that 
resemble  granular  bainite,  to  be  discussed  in 
the  next  section,  have  also  been  observed  in 
mill-quenched  HSLA-80  plates.  Microsegrega¬ 
tion  within  this  alloy  may  lead  to  local  areas 
enriched  in  Mn  and  Mo  which  may  transform  to 
bainite  or  martensite. 

In  the  case  of  A710  Modified,  the  dominant 
raicroconstituent  at  intermediate  cooling  rates 
is  "granular"  bainite.  The  term  granular 
bainite  was  first  used  by  Habraken  and 
Economopoulos^^®^ .  The  typical  appearance  of 
granular  bainite  is  shown  in  Figure  6 .  Figure 
6(a)  is  a  light  micrograph  and  Figure  6(b)  is  a 
montage  of  TEM  micrographs.  Granular  bainite 
consists  of  packets  of  ferrite  laths  with  non- 
cementite,  interlath,  second-phase  particles. 
These  particles  were  identified  with  the  TEM  as 
retained  austenite  or  a  combination  of  retained 
austenite  and  martensite^^^^ .  The  presence  of 
retained  austenite  at  room  temperature  indi¬ 
cates  that  the  bainite  finish  temperature  does 
not  represent  100  pet  transformation  of  the 
parent  austenite.  These  microstructures  are 
sometimes  incorrectly  identified  as  upper 
bainite  which  consists  of  ferrite  and 
ceraentite.  The  volume  fraction  of  these 
second-phase  particles  is  about  0.15. 
Approximately  one-half  of  the  volume  fraction 
of  the  second-phase  particles  is  austenite  and 
the  other  half  martensite^^^^ .  The  large 
particles  were  found  to  be  mostly  martensitic, 
but  are  frequently  surrounded  by  films  of 
austenite.  No  cementite  was  identified  in  as- 
quenched  steel.  Subsequent  to  ageing,  the 
microstructure  showed  little  change  in  the 
volume  fractions  of  martensite  or  austenite; 
however,  some  interlath  cementite  was 
found” .  This  observation  indicates  that 
most  of  the  austenite  is  extremely  stable  with 
respect  to  transformation  during  the  high- 
temperature  ageing  treatments.  Granular 

bainite  forms  in  austenite  grains  as  similarly 
oriented  ferrite  laths^^^^.  The  interlath 
pools  of  austenite  are  most  likely  enriched  in 
carbon. 

The  dominant  phase  in  thin  and  intermed¬ 
iate  thickness  plates  of  the  HSLA-100  steel 
(0.06  pet  C)  is  martensite.  Granular  bainite 
forms  at  much  slower  cooling  rates  (thicker 
plates)  .  The  martensite  laths  in  this  steel 
are  too  fine  to  be  resolved  in  a  light 
microscope  and  prior  austenite  grain  bound¬ 
aries  are  not  easily  distinguished  with  a  nital 
etch.  This  observation  is  demonstrated  in 
Figure  7(a).  The  granular  bainites  that  are 
found  in  the  HSLA-100  at  slower  cooling  rates 
are  very  similar  to  those  found  in  the  A710 
Modified.  However,  the  martensitic  micro¬ 
structure  tends  to  be  much  finer  than  the 
coarser  granular  bainite.  The  effect  of  C- 
content  on  the  microstructures  of  2  inch 
(51  mm)  thick  plates  is  clearly  shown  in  Figure 
7.  The  HSLA-100  with  0.04  pet  C  is  primarily 
bainite  (Figure  7(b))  compared  to  the 

principally  martensitic  microstructure  of  the 
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Figure  5  -  Typical  Microstructure  of  1  Inch  (25  mm)  Thick  HSLA-80/A710  Showing 
Proeutectoid  and  Acicular  Ferrite.  Some  Granular  Bainite  Also 
Shown.  (Nital-Picral  Etch) 


Figure  6  -  Typical  Microstructure  of  A710  Modified  Exhibiting  Granular  Bainite: 
(a)  Light  Micrograph,  (b)  Montage  of  TEM  Micrographs. 
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Figure  7  -  Typical  Microstructures  2  Inch  (51  nrai)  Thick  HSLA-100  Steel. 

(Nital  Etch)  (a)  0.06  pet  C  Steel.  (b)  0.04  pet  C  Steel. 


0.06  pet  steel  (Figure  7(a)). 

In  summary,  by  changing  the  levels  of  Mn, 
Mo  and  Ni,  the  positions  of  each  transforma¬ 
tion  region  can  be  altered,  giving  rise  to 
different  austenite  t r ans - formation 
characteristics.  For  a  wide  rang^.  of  cooling 
rates,  the  HSlA-80  steel  microstructure  is 
dominated  by  proeutectoid  ferrite.  Similarly, 
the  microstructures  of  A710  Modified  steel  and 
the  HSLA-100  steel  (0.06  pet  C)  are  dominated 
by  granular  bainite  and  martensite, 
respectively . 

Copper  precipitates  which  form  in  these 
steels  have  also  been  examined.  The  copper 
precipitates  which  are  evident  in  the  TEM  are 
epsilon-Cu.  After  ageing,  typical  precipitate 
sizes  range  from  2  to  25  nm  in  diameter.  These 
precipitates  are  found  at  dislocations  within 
the  ferrite  grains  (Figure  8(a)),  at  ferrite 
lath  boundaries  (Figure  8(b))  and  are 
associated  with  sub-boundaries  (Figures  8(c)and 
3(d)). 

AGEING  BEHAVIOR 

A  detailed  study  of  the  ageing  response  of 
1-1/8  inch  to  1-1/4  inch  (29  and  32  mm)  plates 
was  conducted^^^) .  Plates,  mill  austenitized 
and  water  quenched,  were  subsequently  aged  in 
the  laboratory.  Mechanical  properties  were 
determined  from  samples  of  these  steels  in  the 
as-quenched  condition  and  from  samples  aged  at 
500°F  (260°C)  to  1250°F  (677°C).  All  samples 


were  water  quenched  after  ageing.  HSLA-80, 
A710  Modified,  HSIA-80/100  Modified,  and  HSIA- 
100  steels  (0.04  pet  and  0.06  pet  C)  were 
investigated.  Figures  9  and  10  show  the  effect 
of  ageing  on  the  yield  strength  and  ultimate 
tensile  strength  of  some  of  these  steels.  Peak 
yield  strengths  for  these  steels  occurred  in 
samples  that  were  aged  at  850  to  950°F  (454  to 
510°C) .  CVN  toughness  properties  are  also 
shown  in  Figures  11  and  12.  Minima  in  energy 
absorbed  at  -120°F  (-84°C)  and  the  50  pet  FATT 
correlated  with  the  peak  yield  strengths. 
Figure  13  presents  a  summary  of  the  yield 
strength/FATT  relationships  of  the  four 
steels.  Comparisons  can  be  made  directly 
between  the  strength  and  toughness  properties 
of  different  steels.  For  example,  at  a  yield 
strength  of  110  ksi  (758  MPa),  the  FATT  of  the 
A710  Modified  is  about  -70°F  (-57°C)  while  the 
FATT  of  the  HSLA-100  is  -160°F  (-107°C).  The 
enhanced  toughness  of  the  HSlA-100  composition 
correlates  with  the  higher  nickel  content  and 
may  be  related  to  the  presence  of  tempered 
martensite  in  comparison  to  granular  bainite. 

The  yield  strength  of  the  HSlA-100 
decreases  rapidly  when  it  is  aged  above  1150°F 
(621°C) .  Despite  this  lower  strength  level, 
the  FATT  does  not  improve  at  a  similar  rate 
(i.e.,  the  slope  of  the  curve  in  Figure  13 
changes  dramatically  between  1150  and  1250°F 
(621  and  677°C)).  A  rapid  decrease  in  strength 
between  1150°F  (621°C)  and  1250°F  (677°  C)  is 
undesirable  for  production  processing  because 
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Figure  8  -  Precipitates  in  These  Alloy  Steels:  (a)  Epilson-Cu  at  Dislocations, 
(b)  Epsilon-Cu  at  Lath  Boundaries,  (c)  Bright  Field  and  (d)  Dark 
Field  Epilson-Cu  at  Sub  -  Boundaries . 
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(-84°  C)  of  HSLA  Steels  As  A  Function 
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Figure  13  -  Yield  Strength-Toughness  Relationship 
for  HSLA  Steels  Aged  Between 
850°  F  (454°  C)  and  1250°  F  (677°  C) 
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Figure  15  -  Fracture  Appearance  Transition 

Temperature  of  0.04*  C  Compared  to 
0.06*  HSLA-100  As  A  Function  of  the 
Ageing  Temperature 
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Figure  14  -  Yield  Strength  of  0.04*  C  Compared  to 
0.06*  HSLA-100  As  A  Function  of  the 
Ageing  Temperature 
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Relationship  of  0.04%  C  HSLA-100 
Compared  to  0.06*  C  HSLA-100 
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of  the  variability  of  strength  that  can  occur 
in  the  product.  This  is  particularly  a  concern 
when  trying  to  meet  the  required  range  of  yield 
strength  allowed  in  this  product  of  100  ksi 
(690  MPa)  to  115  ksi  (793  MPa). 

Carbon  content  also  has  a  strong  effect  on 
the  strength  of  HSLA-100.  The  first  production 
heat  contained  0.04  pet  C  while  the  second 
production  heat  contained  0.06  pet  C.  Compar¬ 
ing  the  yield  strengths  of  the  two  heats  shows 
a  substantial  carbon  strengthening  effect  for 
this  plate  thickness,  on  the  order  of  30  ksi 
(207  MPa),  at  all  ageing  temperatures  up  to 
1150°F  (621°C) ,  shown  in  Figure  14.  Figure  15 
shows  the  influence  on  toughness  behavior.  When 
a  strength- toughness  plot  is  prepared  (Figure 
16)  ,  the  improved  performance  of  the  higher 
carbon  steel  is  demonstrated.  In  other  words, 
at  any  given  yield  strength,  the  0.06  pet  C 
steel  has  superior  toughness  to  the  0.04  pet  C 
steel.  At  these  generally  low  levels  of 
carbon,  small  increases  in  carbon  content  have 
a  large  effect  on  hardenability .  The  presence 
of  martensite  compared  to  a  mixture  of  marten¬ 
site  and  bainite  lowers  the  FATT.  In  addition, 
for  a  given  yield  strength,  the  0.06  pet  C 
steel  is  always  aged  at  a  higher  temperature. 
Hence  it  is  to  be  expected  that  the  higher  C 
steel  has  coarser  copper  precipitates  and  a 
coarser  dislocation  substructure  which  is  more 
conducive  to  improved  ductility  and  toughness. 
The  potential  deficiency  of  the  greater 
carbide  content  in  the  microstructure  of  the 
higher  carbon  steel  is  outweighed  by  these 
phenomena . 

PRODUCTION  EXPERIENCE 

HSLA-80  has  been  the  most  widely  produced 
alloy  from  this  family  of  steels.  Figure  17 
shows  the  range  of  strength  and  CVN  impact 
properties  that  have  been  achieved  in  HSLA- 
80/A710  Grade  A,  Class  3  steel.  It  was  very 
easy  to  achieve  80  ksi  (552  MPa)  minimum  yield 
strength  and  the  CVN  toughness  levels  at 
-120°F  (-84°C)  in  this  steel.  Furthermore,  if 
more  stringent  toughness  requirements  are 
required,  such  as  dynamic  tear  testing,  con¬ 
trolled  rolling  prior  to  the  reaustenitizing, 
quenching  and  ageing  has  been  found  to  be 
beneficial^^^^  .  This  is  further  demonstrated 
by  the  dynamic  tear  testing  of  mill  plates. 
Figure  18.  Controlled  rolling  can  be  done  with 
a  number  of  schedules  that  normally  result  in 
lower  finishing  temperatures  during  the  hot 
rolling  cycle.  Because  of  the  limited  harden¬ 
ability  in  the  A710  steel,  the  plate  thickness 
is  normally  restricted  to  1-1/4  inch  (32  ram) 
for  very  high  toughness  applications.  However, 
when  only  modest  toughness  and  lower  levels  of 
yield  strength  are  required,  this  steel  has 
been  produced  in  thicknesses  up  to  5  inches 
(127  mm) . 

Only  one  commercial  heat  has  been  produced 
with  the  A710  Modified  chemistry,  and  plates 
from  1/2  inch  (12.7  mm)  up  to  8  inches  (203.20 


mm)  in  thickness  were  produced.  A  100  ksi 
(690  MPa)  minimum  yield  strength  up  to 
2  inches  (51  mm)  and  80  ksi  (552  MPa)  yield 
strength  up  to  8  inches  (203  mm)  was  achieved 
with  a  modest  toughness  level.  A  summary  of 
the  properties  of  the  plates  produced  from  this 
heat  of  steel  is  given  in  Figure  19. 

The  higher  hardenability  of  the  HSLA-100 
steel  indicates  that  it  is  able  to  achieve  much 
higher  levels  of  strength  than  the  HSLA-80  and 
A710  Modified  steels.  Plates  from  1/2  inch  (12 
mm)  up  to  3-3/4  inches  (95  mm)  in  thickness 
were  produced  from  the  0.06  pet  C  steel  dis¬ 
cussed  previously.  A  summary  of  the  properties 
obtained  from  this  heat  are  shown  in  Figure  20. 
High  levels  of  toughness  were  achieved  in  this 
steel  with  100  ksi  (690  MPa)  minimum  yield 
strength  throughout  this  range  of  thicknesses. 
The  ageing  temperature  required  to  stay  within 
the  yield  strength  specification  range  was 
berween  1180°F  (582°C)  and  1240°F  (671°C) . 

However,  the  high  ageing  temperatures  for  the 
thinner  plates  is  very  close  to  the  Ac]^ 
temperature,  1256°F  (680°C) .  This  observation 
indicates  that  the  1-1/2  inch  (30  mm)  plate 
thickness  is  the  practical  lower  limit  for  this 
chemistry  to  avoid  reaustenitization,  which 
causes  considerable  scatter  in  testing.  A 
leaner  chemistry,  such  as  the  HSLA-8C/100 
modified  is  appropriate  for  the  plate  thickness 
less  than  1-1/2  inches  (30  mm).  Figure  21 
shows  the  dynamic  tear  (DT)  testing  results  at 
-40°F  (-40°C)  for  this  steel.  Upper  shelf  DT 
results  were  achieved  in  all  plates  up  to  3 
inches  in  thickness.  At  3-3/4  inches  (95  mm), 
one  value  was  not  on  the  upper  shelf, 

These  steels  also  benefit  from  multiple 
austenizating  and  quenching  treatments  prior  to 
ageing.  Typical  results  are  presented  in  Table 
III.  The  primary  improvement,  shown  in  Table 
111,  is  in  the  CVN  toughness  in  the  transition 
region.  Through  multiple  austenitization 
treatments,  the  presence  of  isolated  large 
austenite  grains  is  minimized.  This  feature  is 
demonstrated  in  the  0.04  pet  C  HSLA-100  steel 
shown  in  Figure  22. 

The  improved  hardenability  in  going  from 
HSLA-80  to  A710  Modified,  HSLA-80/100  modified 
and  HSLA-100  steels  is  shown  in  Figure  23.  In 
this  Figure,  mill  quenched  plates  of  1-1/4 
inches  (31.1  mm)  thickness  are  compared.  As 
shown  in  Figure  23,  the  dominant  microstruc- 
tural  constituents  are  proeutectoid  ferrite, 
granular  bainite,  granular  bainite  and 
martensite  for  HSLA-80,  A710  Modified,  HSLA- 
80/100  modified  and  HSLA-100  (0.06  pet  C) 
steels,  respectively. 

A  significant  concern  in  the  use  of  any  of 
these  steels  is  the  weldability.  It  has  been 


well  established  that  these  steels 
weldable^ ^ ® ^  .  However,  it 


are  highly 
also  has 


been  established  that  they  are  susceptible  to 
stress  relief  cracking^^® ’ Upon  welding 
of  these  steels,  copper  precipitates  dissolve 


in  the  heat  affected  zones.  With  subsequent 


stress  relief,  reprecipitation  of  copper 
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Distribution  of  Tensile  Results 
A710A  Class  3,  0.75  in.  Thick 


Distribution  of  CVN  Results 
A710A  Class  3,  0.75  in.  Thick 
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Figure  17  -  Distribution  of  Properties  in  0.75"  (19  mm)  Thick  HSLA-80/A710 
Grade  A,  Class  3  Plates 
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Figure  18  -  Comparison  of  DT  Toughness  at  -40°F 
(-40°C)  of  HSLA-80  Plates  Produced 
Using  Either  Controlled  Rolling  or 
Conventional  Rolling  Piior  to 
Re - Austeni t iz ing ,  Water  Quenching 
ar  d  Ageing 


Figure  19  -  Summary  of  Results  tor  A710 
Modified  Plates  of  l/2"-8'' 
(13-203  min)  Thickness 


Table  III  -  Effects  of  Multiple  Austenization  on  2  inch  (51  min)  Plates^^^ 


A710  Modified 
1240°F  (671°C) 


HSLA-100 

1189°F  (6380c) 


Number  of 
Austenizations 

Yield  Strength 

Ave . /Min . ^  o ) 

CVN  in  ft. lbs.  iJl 

ksi  (MPa) 

0°F  (-18°C) 

-120°F 

o 

o 

00 

1 

90.9  (627) 

156/142  (212/193) 

60/45 

(81/61) 

Age 

2 

92.8  (640) 

183/162  (248/220) 

116/92 

(157/125) 

1 

107.9  (744) 

179/161  (243/218) 

87/22 

(118/30) 

Age 

2 

112.7  (777) 

175/167  (237/226) 

113/98 

(153/133) 

(a)  Produced  in  mill;  each  austenitize  followed  by  water  quench 

(b)  Average  of  4  tests 

(c)  Average  and  minimum  values  for  6  CVN  tests 


Figure  22  -  Photomicrographs  Showing  the  Influence  of  Double  Austenization 

on  Bainite  Packet  Size.  (a)  Shows  Large  Bainite  Packet  in  Single 
Austenitized  2"  HSLA-100  Plate  Compared  to  (b)  After  Double 
Austenization 


Figure  23  -  Typical  Microstructures  from  1-1/4"  (32  mm)  Plates  of  All  Four 
Chemistries:  (a)  HSI-A-80,  (b)  A710  Modified,  (c)  HSLA-80/100 
Modified  and  (d)  HSLAlOO  (Nltal - Plcral  Etch) 
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particles  occurs,  which  hinders  the  normal 
creep  processes  within  grains  that  are  required 
to  give  adequate  stress  relieving  response. 
Further  work  is  continuing  on  the  mechanism  for 
this  phenomena  in  this  family  of  steels. 

SUMMARY 

The  influence  of  various  alloying  elements 
on  the  properties  and  microstructures  of  low- 
carbon  copper-bearing,  precipitation  aged  plate 
steels  has  been  presented.  The  importance  of 
maintaining  a  bainitic  and/or  martensitic 
microstructure  in  promoting  high  strength 
levels  has  been  demonstrated.  By  varying  the 
levels  of  Mn,  Mo,  and  Ni,  the  position  of  each 
transformation  region  is  altered  giving  rise  uo 
different  austenite  transformation  characteris¬ 
tics.  Through  use  of  these  various  alloying 
elements,  the  strength  and  toughness  of  these 
alloys  can  be  matched  to  the  thickness  and 
particular  application.  Granular  bainlte  has 
been  found  in  both  the  A710  Modified  and  HSLA- 
100  steels.  This  microconstituent  has  retained 
austenite  and  martensite  as  the  second  phase 
interlath  particles,  rather  than  the  cementite 
found  in  the  conventional  upper  bainite. 
Carbon  content  has  been  found  to  play  a  very 
important  role  in  the  hardenability  and 
strength  of  HSLA-100  steel  even  at  the  very  low 
levels  present.  Use  of  double  austenitizing 
and  controlled  rolling  prior  to  further  heat 
treatment  have  been  found  to  lead  to  overall 
structural  refinement  and  improved  toughness  in 
these  steels. 

These  results  indicate  chat  there  is 
further  potential  for  alloy  design  and  improved 
strength/toughness  properties  in  this  alloy 
system.  Through  microsCructural  control  via 
alloying,  low- temperature  transformation 
products  (l.e.,  granular  bainite  and 
martensite)  can  be  maintained  in  very  thick 
plates.  The  strengthening  contribution  from  the 
copper  precipitates,  together  with  solid  solu¬ 
tion  strengthening  and  structural  refinements 
from  processing  may  lead  to  stronger  and 
tougher  alloys.  These  enhancements  will  be 
examined  in  the  future . 
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Abstract 

ASTM  A710  microalloyed  precipitation 
strengthened  steel  provides  to  potential  users 
a  constructional  material  of  high  strength  and 
toughness  combined  with  excellent  fabrication 
weldability.  Of  importance  to  its  application 
are  the  properties  of  its  weldments,  particularly 
the  toughness,  its  response  mechanical  forming, 
and  the  effects  of  heat  treatment  after  forming 
or  welding  on  its  properties.  The  study  reported 
here  was  designed  to  provide  data  in  these  areas. 

The  A710  steel  studied  was  32  mm  thick  Grade  A 
Class  3  and  had  a  yield  strength  of  602  MPa  and 
a  tensile  strength  of  673  MPa.  The  transverse 
orientation  47  J  Charpy  impact  transition  temper¬ 
ature  of  the  plate  was  -145C.  Cold  plastic 
strain  of  5%  increased  the  transition  temperature 
to  -113C.  Aging  at  370C  for  10  hours  did  not 
increase  the  transition  temperature  further. 
Stress  relief  treatments  of  2  and  10  hours  at 
620C  decreased  the  transition  temperature  to 
-127C  or  below. 

The  course  grained  heat  affected  zone  of  A710 
weldments  had  a  lower  toughness  than  the  base 
metal,  an  effect  that  was  greater  at  higher 
welding  heat  inputs.  For  heat  inputs  of  2KJ/mm, 
the  as-welded  47J  transition  temperature  in  the 
heat  affected  zone  was  -78C.  High  heat  input 
v/elds,  5.3  KJ/mm,  resulted  in  heat  affected 
zones  with  a  47J  transition  temperature  of  -33C. 
Weld  metals  used  for  the  study,  typical  of  those 
used  in  construction,  were  adequate  in  strength 
but  had  transition  temperatures  above  those  of 
the  heat  affected  zone  in  the  same  weldment. 

Post  weld  heat  treatment  at  620C  did  not 
consistently  improve  heat  affected  zone  toughness 
over  the  as-welded  condition  and  2  hour  heat 
treatment  cycles  increased  heat  affected  zone 
transition  temperatures.  Similar  treatments  had 
little  effect  on  base  plate  toughness.  The  A710 


showed  potential  for  stress  relief  cracking  in 
the  modified  Lehigh  restraint  test,  the  effect 
being  greatest  above  600C  but  observable  at  482C 
These  latter  two  effects  suggest  that  post-weld 
heat  treatment  should  not  be  used  on  this  steel 
for  metal lurgical  reasons. 


THE  USE  OF  MICROALLOYED  STEELS  for  constructional 
and  pressure  vessel  applications  has  a  long  hist¬ 
ory,  going  back  to  the  1940's  when  critical 
material  shortages  made  the  utilization  of  only 
small  amounts  of  alloys  in  steel  products  manda¬ 
tory.  In  the  1950's,  a  number  of  companies  also 
introduced  construction  steels  that  contained, 
along  with  Mn  and  other  ailoys,  V,  Ti ,  and  Nb. 
Most  of  these  steels  are  now  covered  by  ASTM 
specifications  A588  and  A572  and  may  also  be 
considered  early  microalloyed  steels,  although 
they  were  not  identified  as  such.  However,  U 
was  in  the  1970's  that  the  microalloyed  steels 
with  low  carbon  content,  high  Mn  levels  and 
microalloy  carbide  and  nitride  formers  really 
became  identified  as  construction  materials  with 
high  strength,  good  weldability  and  good  low 
temperature  toughness.  These  materials  allow 
control  of  grain  size  and  microstructure  such 
that,  either  as-rolled  or  specially  processed, 
steels  with  good  combinations  of  properties  are 
now  available  for  a  number  of  applications. 

The  use  of  Cu  in  amounts  over  0.2%  to  strengthen 
structural  steels  also  has  a  long  history, 
starting  at  least  in  the  1940's,  when  it  was  used 
in  some  ship  steels.  Structural  steels  clearly 
using  Cu  for  precipitation  strengthening,  fore¬ 
runners  to  the  current  ASTM  A710  grades,  were 
actually  introduced  in  the  1960's,  but  generated 
little  interest  at  that  time.  However,  engineer¬ 
ing  needs  change,  and  there  is  now  a  considerable 
interest  in  the  combination  of  properties  that  Cu 
bearing  steels  of  the  ASTM  A710  type  provide. 
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Of  special  interest  is  the  very  low  carbon 
content,  below  0.07%,  that  virtually  prohibits 
hard,  crack  sensitive  heat  affected  zones  on 
welding,  making  preheat  for  welding  unnecessary. 
Because  of  the  choice  of  alloys  present  and  the 
strengthening  mechanism,  strength  can  be  very 
high  and  transition  temperatures,  low.  This 
combination  makes  it  especially  attractive  for 
special  ship  steels  but  there  are  also 
structural  and  pressure  vessel  applications 
where  one  or  more  of  its  characteristics  may  be 
useful . 

It  was  for  these  reasons  that  the  Pressure 
Vessel  Research  Committee  and  the  Center  for 
Advanced  Technology  for  Large  Structural 
Systems  at  Lehigh  University  initiated  a  program 
in  1985  to  study  the  strength,  toughness  and 
fabrication  characteristics  of  the  A710  steel  as 
a  complement  to  its  then  nearly  completed  study 
of  conventional  and  new  microalloyed  steels. 

The  prior  studies  1,2, 3, 4, 5, 6  covered  the 
effects  of  heat  treatment,  forming  operations 
and  welding  on  the  strength  and  toughness  of 
A572,  A588,  and  A737  Grades  B  and  C  steels.  A 
parallel  investigation  of  A808  steel  has  just 
been  started  and  a  similar  study  on  A710  appear¬ 
ed  a  natural  extension  of  this  program.  As  in 
the  previous  work,  the  effects  of  fabrication 
operations,  i.e.,  cold  forming  and  welding,  were 
given  emphasis,  as  were  the  effects  of  heat 
treatments  following  these  operations.  The 
philosophy  followed  was  that  base  metal  proper¬ 
ties  are  relatively  easy  to  document,  but  changes 
in  these  properties,  especially  toughness, 
during  fabrication  operations  are  often  unknown 
and  should  be  the  focus  of  the  investigation. 

MATERIALS  AND  PROCEDURES 

MATERIALS-The  base  material  was  a  32mm  thick 
plate  of  A710  Grade  A  Class  3  steel.  The 
composition  properties  of  the  plate  are  given 
in  table  1  along  with  the  specified  properties 
for  the  grade.  During  the  weldability  program, 
two  weld  metals  were  used  to  produce  the  test 
weldments.  The  welds  were  used  primarily  to 
create  joints  to  measure  heat  affected  zone 
properties  but  were  intended  to  be  adequate  in 
strength  for  the  base  plate.  The  major  weld 
metal  types  used  were  AWS  5.20  70T-1  and  5.29 
E91  T1-K2.  Their  typical  chemical  and  mechanical 
properties  are  given  in  table  1.  In  the  stress 
relief  cracking  studies,  two  additional  weld 
metals  were  used  to  develop  the  restraint 
necessary  for  the  test  specimen,  EllO  T5-K4  and 
E8018-C1.  They  were  selected  for  their  nomiral 
strength  level,  and  their  compositions  and 
properties  were  not  assessed. 

MECHANICAL  PROPERTIES  MEASURED-The  test 
program  consisted  primarily  of  Charpy  impact 
tests  performed  in  the  transverse  (TL) 
orientation  to  the  rolling  direction  of  the 
plates.  This  was  the  philosophy  followed  in  the 


previous  studies  so  that  "worst  case"  or 
conservative  data  would  be  produced.  Strength 
properties  were  a  secondary  consideration  and 
were  not  measured  for  all  conditions  of  testing. 
All  tension  and  Charpy  impact  tests  were  perfom- 
ed  in  accordance  with  ASTM  Specification  E370. 

The  impact  specimens  were  standard  size.  The 
tension  test  specimens  had  a  diameter  of  6.4  mm 
and  a  gage  length  of  25.4. 

STRAIN  AGING  STUDY-The  strain  aging  study 
was  performed  by  tensile  prestraining  of  bars 
70  mm  wide  13  mm  thick  and  457  mm  long.  This 
prestraining  specimen  is  seen  in  figure  1.  The 
bar  was  cut  from  approximately  the  quarter  thick¬ 
ness  position  of  the  plate.  Prestraining  was 
done  in  a  universal  testing  machine  using  scribe 
marks  on  the  bar  surface  to  control  strain.  The 
uniform  strain  gage  length  was  241  mm  and 
approximately  16  standard  Charpy  V-notch  specimens 
were  prepared  for  each  condition  of  test. 

Specimens  were  both  strained  and  tested  in  the 
TL  orientation.  The  conditions  tested  are  given 
below. 

1.  As  received. 

2.  Stress  relieved  2  hr  at  620C. 

3.  Stress  relieved  10  hr  at  620C. 

4.  Plastically  strained  5%. 

5.  Strained  and  aged  at  370C  for  10  hr. 

6.  Strained,  aged  and  stress  relieved 
2  h'^  at  620C. 

7.  Strained,  aged  and  stress  relieved 
10  hr  at  620C. 

WELD  HEAT  AFFECTED  ZONE  STUDY-The  heat 
affected  zone  study  utilized  weldments  made  on 
full  thickness  base  metal  using  the  flux  cored 
arc  process  with  varying  weld  heat  inputs.  The 
weld  preparation  was  a  single  bevel  on  one  side 
of  the  groove  so  that,  after  welding,  a  straight 
heat  affected  zone  was  produced  on  the  unbevelled 
side  of  the  joint.  The  joint  preparation  used 
and  specimen  locations  are  shown  in  figure  2. 

The  shielding  gas  used  was  C02.  A  multipass 
weld  was  deposited  in  the  groove  at  a  sufficient 
angle,  usually  30  degrees,  to  the  surface  of  the 
plate  to  produce  good  sidewall  fusion  on  the 
unbevelled  side.  There  was  a  4  mm  root  gap  and 
a  backing  plate  was  used  to  provide  root  fusion. 
The  variations  ir  heat  input  were  produced  by 
changing  arc  amperage  and  travel  speed.  Wire 
diameters  of  1.6  mm  were  used  for  heat  inputs 
up  to  2.0  KJ/mm.  For  higher  heat  inputs,  wire 
diameters  of  2.4  mm  were  used.  One  weld,  at 
4.0  KJ/mm,  was  made  with  the  submerged  arc 
process  using  an  AWS  5.23  EM2  electrode. 

The  Charpy  impact  specimens  for  testing  were 
taken  from  the  quarter  thickness  positions  in  the 
plate  in  the  coarse  grained  heat  affected  zone  as 
shown  in  figure  2  and  were  notched  within  one 
mm  of  the  fusion  line.  The  plates  were  welded 
such  that  the  specimens  were  in  the  TL  orienta¬ 
tion  to  the  plate  rolling  direction.  The  speci¬ 
mens  were  notched  transverse  to  the  plate  thick¬ 
ness  and  each  specimen  was  etched  prior  to 
notching  so  as  to  locate  the  notch  as  precisely 


278 


as  possible. 

Early  tests  made  from  plates  welded  with  the 
relatively  lower  toughness  AWS  5.20  70T-1  weld 
metal  showed  lower  HAZ  toughness  values  than 
expected  and  substantial  test  data  scatter. 
Individual  specimens  were  metallographically 
studied  to  determine  if  the  fracture  path  had 
incorporated  a  large  amount  of  weld  metal.  In 
some  cases  this  was  true,  but  for  many  specimens, 
it  was  not.  Additional  tests  made  with  the 
higher  toughness  AWS  5.29  E91  T1-K2  weld  metal 
and  using  more  accurate  notch  placement  reduced 
the  test  scatter  to  some  degree  but  by  no  means 
eliminated  it.  Moreover,  the  HAZ  test  results 
were  not  significantly  changed.  Eventually  it 
was  concluded  that  more  scatter  than  normally 
encountered  is  a  characteristic  of  this  steel. 

STRESS  RELIEF  CRACKING  STUDY-The  stress 
relief  cracking  study  performed  on  the  A710  steel 
used  a  modified  Lehigh  restraint  specimen.  This 
specimen  is  seen  in  figure  3.  The  specimen  has 
an  open  slot  in  which  the  weld  is  made  such  that 
one  end  of  the  weld  is  free  to  contract  trans¬ 
versely  on  solidification  and  subsequent  cooling 
while  the  other  is  constrained  by  the  width  of 
the  plate.  The  weld  is  deposited  in  the  machined 
groove  above  the  slot  such  that  it  does  not 
penetrate  through  the  land,  leaving  a  notch  in  the 
root  area.  This  root  notch,  in  conjunction  with 
the  transverse  constraint  in  the  specimen,  pro¬ 
duces  cracking  in  the  weld  heat  affected  zone  in 
susceptible  materials.  Welding  is  from  the  open 
end  toward  the  restrained  (keyhole)  end. 

After  welding,  the  specimen  is  given  the 
stress  relief  treatments  desired  by  charging  in 
a  preheated  furnace  and  is  cut  transverse  to 
the  weld  along  a  line  25  mm  from  the  center  of  the 
keyhole,  i.e.,  at  the  highly  restrained  end.  The 
section  is  polished  and  etched  to  reveal  the  size 
and  location  of  cracks.  This  test  can  also  be 
used  to  reveal  hydrogen  induced  cold  cracking  but 
A710  is  very  resistant  to  this  phenomenon.  The 
height  of  the  crack  at  the  25  mm  location  is  used 
as  a  measure  of  cracking  potential.  Tests  show 
that  the  crack  is  highest  at  the  25  rrnn  location 
and  decreases  toward  the  less  restrained  end. 

Thus  the  25  mm  crack  height  is  a  good  parameter 
to  characterize  the  cracking  behavior. 

Welding  in  this  part  of  the  study  was  done 
using  an  AWS  EllO  T5-K4  flux  cored  electrode, 
with  C02  shielding  at  a  heat  input  of  2  KJ/iran. 

This  electrode  overmatched  plate  strength  and 
increased  cracking  potential.  To  study  weld 
metal  strength  effects,  a  weld  matching  one  of 
the  test  conditions  was  also  made  at  the  same 
heat  input  with  the  shielded  metal  arc  process  and 
a  lower  strength  E8018-C1  electrode. 

METALLOGRAPHY-Light  microscopy  was  used  to 
examine  all  of  the  stress  relief  cracking  samples 
for  determination  of  crack  height.  Many  of  the 
heat  affected  zone  samples  were  examined  by  light 
and  scanning  electron  microscopy  for  microstruc¬ 
ture  identification. 


RESULTS  AND  DISCUSSION 

BASE  AND  WELD  METAL  PROPERTIES-The  data  of 
table  1  illustrate  the  excellent  combination  of 
strength  and  toughness  that  the  A710  Grade  A 
Class  3  material  can  provide  and  also  the  influ¬ 
ence  of  stress  relief  (post  weld  heat  treatments) 
on  its  properties.  For  the  material  used  in  this 
investigation,  strength  properties  were  well 
above  the  minimums  required  and  treatments  at 
620C  for  up  to  10  hours  did  not  decrease  them 
below  this  level.  Similarly,  both  weld  metals 
met  the  minimum  strength  requirements  for  the 
base  metal  as  welded.  Based  on  the  response  of 
weld  metal  1,  they  would  be  expected  to  do  so  for 
treatments  of  up  to  8  hours  at  620C. 

The  biggest  disparity  between  the  base  and 
weld  metals  is  in  toughness.  The  base  metal  has 
a  very  low  transition  temperature,  -145C,  and 
maintains  it  after  stress  relief  treatments  of 
up  to  10  hours  at  620C.  Weld  metal  1,  a  typical 
structural  weld  filler  metal,  has  a  transition 
temperature  over  150C  higher  than  the  base  metal 
and  weld  metal  2,  which  would  normally  be 
considered  a  filler  of  good  toughness,  has  a 
transition  temperature  87C  higher.  This  is  not 
attributable  to  any  deficiency  on  the  part  of 
these  fillers  but  rather  the  unusually  low 
transition  temperature  of  the  A710  Grade  A 
Class  3  plate.  The  strength  and  toughness  of  the 
weld  deposit  is  somewhat  dependent  on  tiie  heat 
input  used  in  welding  and  table  3  shows  that  high 
heat  input  can  increase  the  transition  tempera¬ 
ture  of  weld  metal  2  by  as  much  as  40C. 

STRAIN  AGING  STUDY-The  results  of  the  study 
of  the  effects  of  straining,  aging  and  stress 
relief  are  shown  in  table  2  and  figure  4.  As 
noted  before,  stress  relief  treatments  alone  have 
little  effect,  resulting  in  small  decreases  in 
transition  temperature.  Plastic  strain  of  5-, 
with  or  without  aging  at  370C,  produces  a  32C 
increase  in  transition  temperature.  About  half 
of  this  is  recovered  by  stress  relief  treatments 
at  620C.  The  increase  in  transition  temperature 
on  straining  similar  to  the  25C  observed  in  most 
other  microalloyed  steels^-  The  residual  shift 
after  stress  relief  is  reduced  to  about  15C.  In 
the  light  cf  its  initially  good  toughness,  strain 
aging  must  be  considered  a  minor  effect  for  this 
steel . 

WELDING  HEAT  AFFECTED  ZONE  STUDY-Weld  heat 
affected  zones  in  the  A7I0  material  studied  '’ere 
have  a  clear  tendency  to  lower  toughness  than 
the  original  plate,  as  is  evident  from  the  data 
of  table  3  and  figure  5.  An  upward  shift  in 
transition  temperature  is  evident  even  at  low 
heat  inputs,  where  it  might  be  expected  to  be 
minimal,  and  increases  with  increasing  heat  in¬ 
put.  The  minimum  transition  temperature  shift 
observed  in  as-welded  material  is  67C  and  the 
maximum  is  I12C.  These  shifts  are  substantial, 
exceeding  those  observed  in  other  microalloyed 
steels,  where  they  were  typically  no  more  than 
30  to  40C  and  often  much  less^- 


279 


'<r 


To  provide  a  comparison  to  this  work,  table 
4  is  a  listing  of  weldment  data  taken  from  the 
open  literature  and  private  sources  for  both 
A710  Grade  1,  Classes  2  and  3  and  HSLA-80,  a 
version  of  this  material  of  interest  to  the 
U.  S.  Navy.  The  A710  studies  listed  on  table  4 
show  a  similar,  but  smaller,  shift  in  HAZ 
transition  temperature  on  welding.  They  also 
appear  to  show  a  dependance  of  the  transition 
temperature  on  heat  input,  as  noted  in  the 
current  work,  and  on  plate  thickness.  These 
points  are  illustrated  in  figure  6  where  the 
extent  of  the  shift  decreases  with  increasing 
plate  thickness  and  increases  with  increasing 
heat  input.  The  studies  on  HSLA-80  listed  in 
table  4  do  not  show  such  a  dependence.  The 
shifts,  which  range  from  IIC  to  44C,  appear 
definite  but  fairly  random,  averaging  about 
28C. 

If  the  transition  temperature  shifts  are 
a  direct  result  of  the  effect  of  welding  heat 
on  the  base  metal,  a  dependence  on  heat  input 
might  be  expected.  Indeed,  a  study  of  simula¬ 
ted  heat  affected  zones  in  HSLA-80'  has  shown 
just  such  an  effect  and  the  data  from  the  study 
are  listed  in  table  5.  Transition  temperature 
shifts  observed  ranged  from  50C  to  114C  for 
heat  inputs  of  1  to  4  KJ/mm,  about  the  range  in 
the  current  work.  The  authors  of  the  study 
attributed  these  shifts  to  a  change  in  micro¬ 
structure  with  increased  heat  input  from  fine 
packet  martensite  to  coarse  bainite.  These 
observations  were  supported  with  microhardness 
measurements . 

In  the  current  work,  a  coarsening  in  micro¬ 
structure  was  observed  with  increasing  heat  in¬ 
put  but  hardness  changed  little  and  in  all 
cases  corresponded  with  the  range  for  higher 
heat  input  welds  in  the  HSLA-80  Study,  about 
250  VHN.  In  the  low  heat  input  heat  affected 
zones  in  the  A710  work  reported  here,  the 
structure  appeared  to  be  acicular  ferrite.  In 
the  higher  heat  input  welds,  the  structure  was 
bainite.  Grain  size  increases  in  the  heat 
affected  zone  alone  can  account  for  some  of  the 
transition  temperature  increases,  but  changes  in 
fine  structure  unit  sizes,  reported  in  the  HSLA- 
80  work,  must  also  play  a  role.  This  is  a  sub¬ 
ject  of  continuing  study  at  Lehigh  University. 

The  effects  of  post  weld  heat  treatment  on 
the  toughness  of  the  weld  heat  affected  zones  are 
also  shown  in  table  3  and  figure  5.  Post  weld 
heat  treatment  at  620C  for  10  hours  results  in  a 
modest  benefit  in  toughness  in  two  out  of  three 
conditions  studied  but  short  time  treatments 
increase  transition  temperature.  This  mixed 
effect  has  been  observed  in  some  other  micro- 
alloyed  steels^’®  and  is  undoubtedly  a  result 
of  coarsening  and  precipitation  processes  that 
occur  during  the  post  weld  heat  treatment. 

Preliminary  microstructure  studies  on  the 
A710  heat  affected  zone  samples  show  that  the 
microstructure  coarsens  by  what  appears  to  be 


a  recovery  process  after  2  hours  at  620C,  but 
new  grain  boundaries  resulting  in  a  finer  struc¬ 
ture  appear  after  10  hours.  These  observations 
do  not  include  TEM  studies  of  precipitate  beha¬ 
vior  and  thus  must  be  considered  incomplete. 

STRESS  RELIEF  CRACKING  STUDIES-The  results 
of  stress  relief  cracking  tests  using  the  modi¬ 
fied  Lehigh  restraint  specimen  are  listed  in 
table  6  and  shown  in  figure  7.  The  potential  for 
reheat  cracking  in  this  steel  has  been  reported 
previously^  and  this  work  confirms  the  effect. 

The  temperature  range  of  cracking  extends  from 
about  500C  to  over  600C  and  can  occur  for  times 
as  short  as  15  minutes.  Some  of  the  cracking 
reported  for  the  higher  temperature  treatments 
may  have  occurred  during  heating  of  the  specimen 
to  the  temperature  of  the  heat  treatment  furnace. 
Complete  cracking  in  the  test  corresponds  to 
crack  heights  of  about  2.5  mm  and  thus  some  of 
the  cracks  reported  here  are  substantial. 

A  large  number  of  stress  relief  or  reheat 
cracking  tests  were  performed  at  Lehigh  Univer¬ 
sity  in  the  1960 's  on  low  alloy  quenched  and 
tempered  steels  using  a  similar  specimen^O. 

In  comparing  the  results  seen  in  figure  7  with 
the  previous  work,  the  A710  appears  to  he 
neither  the  least  nor  most  sensitive  material 
Lehigh  has  tested.  It  is  more  sensitive  to 
cracking  than  A517J  steel  for  which  little 
cracking  was  reported  in  service  but  less  than 
A517F,  which  was  reported  to  have  a  high  cracking 
sensitivity.  Potential  for  reheat  cracking  was 
found  to  exist  in  a  number  of  low  alloy  steels, 
especially  those  with  precipitation  processes 
occurring  in  their  weld  heat  affected  zones 
during  post  weld  heat  treatment.  For  most  of 
the  steels,  post  weld  heat  treatment  could  still 
be  applied  successfully  if  proper  attention  was 
given  to  control  of  weld  discontinuities.  For 
the  more  sensitive  steels,  it  was  recommended 
that  they  should  be  used  in  the  as-welded  condi¬ 
tion,  with  post  weld  heat  treatment  to  be  applied 
only  after  careful  consideration  of  all  the 
factors  involved.  Since  A710  steel  relied  on 
precipitation  processes  for  most  of  its  strength, 
it  is  perhaps  not  surprising  that  it  is  also 
susceptible  to  reheat  cracking. 

EVALUATION  AND  SUMMARY 

The  studies  performed  on  A710  Grade  A 
Class  3  steel  show  it  to  be  a  material  of  high 
strength  and  very  high  toughness.  Fabrication 
operations,  both  straining  (with  or  without 
aging)  and  welding  (with  or  without  post  weld 
heat  treatment),  will  result  in  an  upward  shift 
in  transition  temperature.  This  will  be  small 
after  straining  and  aging,  but  can  be  substantial 
after  welding.  However,  the  increase  in  transi¬ 
tion  temperature  on  welding  must  be  placed  in 
the  context  of  the  use  of  the  steel.  With  an 
initial  transition  temperature  of  -145C,  an 
increase  of  HOC  in  the  heat  affected  zone  from 
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high  heat  input  welding,  5.3  KJ/mm,  still  results 
in  a  transition  temperature  of  -33C.  For  most 
structural  applications,  this  is  well  below 
what  would  be  required.  Moreover,  it  is  also 
well  below  that  of  the  relatively  tough  weld 
metal  from  the  same  weldment,  which  was  -18C. 

Lower  heat  input  welding,  for  example 
2  KJ/mm,  results  in  heat  affected  zone  transi¬ 
tion  temperatures  close  to  -60C,  a  level 
superior  to  most  other  structural  materials  at 
this  or  any  strength  level.  Welding  at  4  KJ/mm, 
a  common  industry  practice,  results  in  a  heat 
affected  zone  transition  temperature  of  -55C, 
which  is  still  a  very  satisfactory  level.  Thus 
the  loss  in  transition  temperature  on  welding, 
while  substantial,  may  not  be  so  significant. 

The  effects  of  post  weld  heat  treatment 
on  the  A710  studied  here  suggest  that  the  mate¬ 
rial  can  best  be  used  in  the  as-welded  condition. 
Post  weld  heat  treatment  must  be  applied  for 
relatively  long  times  to  have  any  beneficial 
effects  on  heat  affected  zone  toughness,  and 
even  then,  improvement  is  modest.  In  addition, 
potential  for  stress  relief  cracking  exists, 
and  this  may  preclude  weld  heat  treatment  for 
joints  whose  design  might  promote  cracking,  such 
as  those  incorporating  partial  penetration  welds. 
Because  of  the  high  toughness  of  the  steel, 
its  low  tendency  for  hydrogen  induced  cold 
cracking  and  its  moderate  heat  affected  zone 
hardness  at  normal  heat  inputs,  many  of  the 
reasons  for  post  weld  heat  treatment  are  obvia¬ 
ted.  Thus  post  weld  heat  treatment  may  not  be 
necessary  in  most  cases  and  is  not  desirable 
from  the  metallurgical  viewpoint. 
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Table  1 .  Composition  and  Mechanical  Properties  of  the  A710  Grade  A 
Class  3  Plate  and  Weld  Metals  Used  in  the  Weldment  Study 

A.  Chemical  Composition  (Wt 


Material  C  Mn  P  S  Si  Ni  Cr  Mo  Cu  A1  V  Nb 


A170  Plate 
Weld  Metal  1 
Weld  Metal  2 


.05  .53  .008  .003  .24  .98  .72  .21  1.13  .027  .008 

.07  1.45  -  -  .48  - 

.06  1.13  .006  .011  .37  1.78  .03  .02  .02  -  .02 


B  Mechanical  Properties 


Material  and  Yield  Tensile  Elong. 
Heat  Treatment  Str.,  MPa  Str.,  MPa  % 


Red.  of 
Area  % 


47  J  Trans. 
Tempt,  C 


A710  Plate 

602 

673 

29.9 

78.3 

-145 

SR  2hr  620C 

573 

640 

29.9 

79.4 

-147 

SR  lOhr  620C 

542 

610 

30.0 

78.5 

-148 

(ASTM  Spec. 

515 

585 

20 

- 

- 

Weld  Metal  l' 

535 

615 

26 

+8 

SR  8h.-  620C 

515 

609 

26 

- 

- 

Weld  Metal  ^ 

595 

665 

23 

- 

-58 

1 .  As  welded. 

flux  cored  electrode. 

AWS  5.20 

E70  T1 

,  typical 

composition  and  properties. 

Transition  temperature 

measured  < 

welded  at  2  KJ/mm. 


2.  As  welded,  flux  cored  electrode.  AWS  5.29  E91  T1-K2,  typical 
properties.  Transition  temperature  measured  as  welded  at  1.8 
KJ/mm 


Table  2.  Results  of  the  Strain  Aging  Study  on  A710  Grade  A 
Class  3  Plate 

Condition  47J  Transition  Shift  in  Transition 

_ _  Temperature,  C  Temperature,  C 


As  received  plate 

-145 

_ 

Stress  relieved  2hr  620C 

-147 

-2 

Stress  relieved  lOhr  620C 

-148 

-3 

Prestrained 

As  strained  5% 

-113 

32 

Strained  and  aged  lOhr  370C 

-113 

32 

Strained,  aged,  stress  relieved 

Stress  relieved  2hr  620C 

-131 

14 

Stress  relieved  lOhr  620C 

-127 

18 

282 


I 

i 


Table  3.  Summarized  Charpy  Impact  Test  Results  Poor  Heat  Affected 
Zone  and  Weld  Metal  Studies  on  A710  Grade  A  Class  3 
Weldments 


Material  Heat  Input 

KJ/mm 

Post  Weld  Heat 
Treat .  620C»  hr 

47  J  Trans. 
T  emp . ,  C 

Shift  in  Ti 
T  emp^  ,  C 

Base  Plate 

none 

none 

-145 

none 

none 

2 

-147 

-2 

none 

10 

-148 

-3 

Heat  Affected 

1.8 

none 

-78 

67 

Zone 

1.8 

2 

-60 

85 

1.8 

10 

-97 

48 

2.0 

none 

-78 

67 

2.0 

2 

-59 

86 

2.0 

10 

-75 

70 

none 

-55 

90 

4.0^ 

none 

-55 

90 

5.3 

none 

-33 

112 

5.3 

10 

-44 

101 

Weld  Metal  1 

2.0 

none 

8 

- 

Weld  Metal  2 

1.8 

none 

-58 

- 

5.3 

none 

-18 

1.  Shift  from 

base  metal  without 

stress  relief. 

2.  Test  of  SAW  weld  HAZ  in  same  base  plate 
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Table  4.  Shifts  in  Transition  Temperature  Between  Plate  and  Heat 
Affected  Zone  for  As-Welded  A710  grade  A  and  HSLA-80 
Steels. 


Plate  Type,  Number 
and  Thickness,  mm 

Welding 

Process 

Heat  input 
KJ/mm 

Shift  in  Transition 
Temperature,  C 

A710  (1) 

9.5 

SAW 

1.0 

3 

2.0 

24 

3.0 

40 

A710  (2) 

19. 1 

FCAW 

3.0 

24 

A710  (3) 

19.1 

SAW 

2.0 

27 

3.0 

26 

4.9 

85 

A710  (4) 

57.2 

SMAW 

1.8 

16 

1.8 

11 

A710  (5) 

63.5 

SAW 

3.0 

10 

4.9 

34 

HSLA-80  (1) 

15.8 

SAW 

1.3 

27 

SMAW 

1.7 

25 

SMAW 

3.3 

26 

SAW 

3.9 

25 

HSLA-80  (2) 

15.8 

GMAW 

2.0 

11 

HSLA-80  (3) 

19.1 

SAW 

1.2 

42 

FCAW 

1.2 

29 

SMAW 

1.8 

44 

SMAW 

3.9 

26 

Table  5.  Shifts  in  Simulated  Heat 
Temperature  for  Various 

Affected  Zone  Transition 

Heat  Inputs  in  HSLA  Steel^ 

Simulated  Heat 

Cooling  Time 

Hardness 

2 

Shift  in  Transition 

i nput ,  KJ/mm 

^800-500-  ^ 

DPH 

Temperature,  C 

1 

5 

316 

- 

2 

U 

288 

50 

3 

25 

275 

87 

4 

45 

247 

1 14 

1 .  From  reference  7 

2.  Basis  for  comparison  is  1  KJ/mm  heat  input  samples.  Plate 
thickness  not  specified  but  estimated  from  cooling  rates  to  be 
about  25  mm 
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Table  6.  Results  of  Stress  Relief  Cracking  Tests  Using  the 
Modified  Lehigh  Restraint  Specimen  on  A710  Grade  A 
Class  3  Plate* 

Post  Weld  Heat  Treatment  Conditions  Total  Crack  Height 
Temperature,  C  Duration,  hr  mm 


482 

2 

0.10 

510 

2 

0.00 

10 

1.02 

537 

2 

0.51 

565 

2 

0.00 

593 

2 

0.00 

10 

0.20 

607 

0.25 

0.76 

2 

0.51 

2 

1.27 

1.  Elio  T5-K4  flux  cored  filler  metal  used  to  overmatch  the 
strength  of  the  plate  for  most  welds. 

2.  Lower  strength  E8018-C1  shielded  metal  arc  electrode  used. 

3.  Two  cracks  at  weld  root,  one  on  each  side. 
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ATT,  SHIFT  IN  TRANSITION  TEMPERATURE  FROM  BASE 


Fig.  '4.  Results  of  strain  aging  tests  on  A710  Grade  A 
Class  3  plate. 
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ATT,  SHIFT  IN  TRANSITION  TEMPERATURE 
FROM  BASE  PLATE  TO  HAZ,°C 


A710  PLATE  GRADE  A 
CLASSES  2  AND  3 


9:5  T§  572  93  635  ^635 

PLATE  THICKNESS  IN  MM 


I _ _ _ _ I 


1.8- 2.0  3.0  4.9 

HEAT  INPUT  IN  KJ/MM 


.  6.  Literature  data  on  the  effect  of  heat  input  and 

plate  thickness  on  HAZ  toughness  in  A710  weldments 
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ABSTRACT 

Traditionally,  steels  used  in  heavy-section  applications  have 
been  heat  treated  low-alloy  steels.  These  normalized  or 
quenched  and  tempered  steels  derive  their  strengths  f rom  their 
carbon  contents.  While  carbon  is  a  very  efficient  and  cost- 
effective  element  for  increasing  strength  in  ferrite-pearlite  or 
tempered  martensitic  structures,  it  is  also,  unfortunately, 
associated  with  poor  notch  toughness.  Furthermore,  it  is  well- 
recognized  that  both  the  weldability  and  weldment  properties 
become  increasingly  deteriorated  with  carbon  content, 
especially  at  high  hardenability  levels  or  carbon  equivalent 
values.  It  is  this  difficulty  in  welding  these  traditional  steels 
which  leads  to  high  fabrication  costs,  A  new  family  of  steels 
has  recently  been  developed  which  can  be  used  in  the  as-hot 
rolled  condition,  and  which  contain  very  low  carbon  levels. 
These  new  steels  are  the  ultra-low  carbon  bainitic  (ULCB) 
steels,  and  they  derive  their  strength  from  dislocation  and 
solid  solution  hardening.  The  ULCB  steels  exhibit  excellent 
low  temperature  toughness  which  is  a  result  of  good  austenite 
conditioning  during  hot  rolling.  The  weldability  and  weld¬ 
ment  properties  of  the  ULCB  steels  are  expected  to  be  very 
good  because  of  their  low  carbon  content.  The  ULCB  steels 
have  been  developed  as  candidates  to  possibly  replace  the  HTS 
and  HY  steels  currently  used  in  U,S,  Navy  ship  and  submarine 
construction.  This  paper  reviews  the  influence  of  composition 
on  the  Bs  temperature  and  yield  strength,  and  the  influence 
of  austenite  conditioning  on  resistance  to  fracture. 


FOR  SEVERAL  DECADES,  two  types  of  plate  steels  were 
available  to  the  U,S,  Navy  for  ship  construction:  The  HTS 
steels  and  the  HY  steels*".  The  HTS  steels  are  ferrite-pearlite 
steels  of  moderate  strength  (350  MPa)  whereas  the  HY  steels 
are  used  in  the  tempered  martensite  condition  and  exhibit  high 
strength  (560  MPa  and  690  MPa),  The  HTS  steels  are  C-Mn 
steels  which  rely  on  carbon  for  strength.  The  HY  steels  also 


rely  on  carbon  for  strength,  and  also  contain  alloying  elements 
re''.-  red  for  adequate  hardenability.  Both  the  HTS  and  the 
HY  steels  exhibit  base  plate  properties  which  are  adequate  for 
their  intended  purposes.  However,  the  HY  steels  suffer  from 
poor  weldability  which  is  caused  by  both  the  high  carbon 
content  and  high  carbon  equivalent  values.  It  is  well  known 
that  both  the  ove-all  weldability  and  weldment  toughness  are 
inversely  related  to  the  carbon  equivalent  value,  especially  at 
high  carbon  contents.  For  this  reason  the  weldability  of  HY 
steels  has  been  and  continues  to  be  rather  poor.  Figure  I, 

While  the  base  plate  properties  are  important  when 
discussing  the  merits  of  a  given  plate  steel,  a  potentially  more 
important  consideration  may  be  the  toughness  of  the 
heat-affected-zone  (HAZ)  in  multi-pass  welding  operations. 
Recent  work  has  revealed  the  importance  of  HAZ  composition 
and  microstructure  on  HAZ  toughness,  especially  at  low 
temperatiires‘^\  This  study  revealed  the  critical  Importance  of 
the  amount  and  size  of  martensite-austenite  islands  on  the 
HAZ  toughness,  Figure  2,  Hence,  base  plate  steels  which  have 
high  carbon  and  alloy  contents  have  the  potential  for  low 
HAZ  toughness. 

Both  Figures  1  and  2  suggest  the  critical  importance  of  low 
carbon  contents  in  improving  the  weldability  and  weldment 
toughness  In  base  plates.  In  an  effort  to  reduce  the  welding 
costs  and  fabrication  times,  a  series  of  new  low-carbon  steels 
have  been  developed.  These  new  steels  rely  on  strengthening 
mechanisms  which  are  largely  independent  of  carbon  content, 
unlike  the  older  heat  treated  ferrite-pearlite  or  martensitic 
plate  steels.  At  the  present  time  there  are  two  versions  of 
these  new  low  caibon  steels  available.  One  family  is  known  as 
HSLA-80or  - 100  which  is  a  copper  piecipitation  strengthened 
steel.  The  second  family  is  the  ultra-low  carbon  bainitic 
(ULCB)  steel.  The  ULCB  steels  derive  their  strengths  from 
dislocation  substructure  and  solid  solution  strengthening. 

The  present  study  summarizes  a  portion  of  the  results  of 
a  research  program  being  conducted  at  the  Basic  Metals 
Processing  Research  Institute  of  the  University  of  Pittsburgh 
on  the  development  of  ULCB  steels  for  ship  and  submarine 
construction.  This  paper  will  discuss  the  influences  of 
austenite  conditioning  and  alloy  composition  on  base  plate 
properties  of  25  mm  (I  in)  thick  hot  rolled  plates, 

EXPERIMENTAL  PROCEDURE 

The  chemical  composition  (in  wt%)  of  the  steels  used  in 
this  study  is  shown  in  Table  I,  Steels  Nos,  I,  2  and  3  were 
vacuum  melted,  the  other  steels  shown  in  Table  I  were  air 
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induction  melted.  The  ingot  weight  and  size  was  225  Kg  (500 
lbs)  and  200  mm  x  200  mm  x  675  mm  (8  in  x  8  in  x  27  in), 
respectively. 

MATERIALS  PROCESSING  -  To  evaluate  the  influence 
of  reheating  temperature  and  thermomechanical  processing 
on  the  microstructural  conditioning  of  the  austenite,  steels  1, 
2,  3  and  4  were  subjected  to  the  thermomechanical  treatment 
illustrated  in  Figure  3.  For  all  the  steels  used  in  this  study, 
the  amount  of  deformation  during  roughing  and  final  rolling 
was  maintained  constant  such  that  the  final  plate  thickness  was 
always  the  same,  25  mm  (1  in). 

The  other  steels  (5, 6  and  7)  were  processed  using  optimum 
controlled-rolling  practices  such  as  the  one  illustrated  in 
Figure  3c. 

The  effect  of  tempering  treatments  on  the  mechanical 
properties  of  the  as-hot  rolled  ULCB  steels  was  also  inves¬ 
tigated.  The  steel  samples  were  tempered  for  one  hour  in  the 
temperature  range  of  500-675°C  (1022-1247°F)  and  then  air 
cooled  to  room  temperature. 

MECHANICAL  PROPERTIES  -  The  mechanical  proper¬ 
ties  of  all  the  steels  in  both  the  as-hot  rolled  and  tempered 
conditions  were  determined  using  standard  procedures.  The 
tensile  properties  were  determined  in  sub-size  flat  tensile 
specimens  with  a  25.4  mm  (1  in)  gage  length.  The  specimens 
were  cut  transverse  to  the  rolling  direction.  In  addition, 
impact  properties  were  obtained  from  full  size  Charpy 
V-notch  specimens.  The  notch  of  the  specimens  was  perpen¬ 
dicular  to  the  rolling  plane  (T-L  orientation). 

MICROSTRUCTURAL  PARAMETERS  -  The  overall 
microstructure  of  the  steels  after  both  reheating  and  thermo¬ 
mechanical  processing  was  evaluated  using  standard  metallo- 
lographic  procedures.  In  addition,  the  stereological  parameters 
of  the  non-metallic  inclusions  present  in  the  steels  were 
determined  using  a  computer  controlled  Bioquant  System  IV 
image  analyzer. 

RESULTS  AND  DISCUSSION 

All  of  the  steels  used  in  this  study  were  designed  to 
achieve  a  fully  bainitic  structure  in  the  as-hot  rolled  condition 
in  25  mm  (1  in.)  thick  plates.  As  expected,  the  reheating 
temperature  and  thermomechanical  treatment  used  have  a 
strong  influence  on  the  final  microstructure  and  consequently 
on  the  final  properties  for  a  given  steel  composition. 

EFFECT  OF  REHEATING  TEMPERATURE  -  The  effect 
of  reheating  temperature  on  the  austenite  grain  size  is  il¬ 
lustrated  in  Figure  4.  This  figure  shows  the  typical  micro- 
structural  response  of  as-cast  ULCB  steels  with  Ti  (steel  1) 
and  without  Ti  additions  (steel  2)  after  reheating  at  1150°C 
and  1250°C  for  1  hour.  A  comparison  of  the  optical  micro¬ 
graphs  shown  in  Figure  4  reveals  that  the  average  grain  size  of 
the  Ti-bearing  steels  is  finer  than  the  average  grain  size  in  the 
steels  without  Ti  additions  for  a  given  reheating  temperature. 
For  example,  the  average  austenite  grain  size  in  the  Ti-bearing 
steel  was  30  /rm  after  reheating  at  1150’’C  and  33  tim  after 
reheating  at  1250°C,  whereas  the  Ti-free  steel  showed  grain 
sizes  of  35  and  220  /rm  at  the  same  temperatures.  However, 
a  close  examination  of  the  grain  size  distribution  of  the  ULCB 
steel  with  Ti  additions  shows  a  non-uniform  distribution  (see 
Figs.  4a  and  4b).  In  the  case  of  the  ULCB  steel  without  Ti 
additions,  the  giaiii  size  distribution  was  large  but  uniform  at 
the  high  reheating  temperatures  (i.e.  1250°C),  see  Figure  4d. 
The  importance  of  having  a  uniform  grain  size  distribution 
prior  to  thermomechanical  processing  (TMP)  is  essential,  since 
the  proper  response  of  austenite  to  TMP  is  strongly  related  to 
the  uniformity  of  the  as-reheated  grain  size  prior  to  roughing. 
The  influence  of  the  metallurgical  condition  of  the  as-reheat- 
ed  structure  to  thermomechanical  processing  (e.g.  Figure  3c) 
is  illustrated  in  Figure  5. 

The  microstructure  of  the  austenite  in  the  Ti-free  steel 
(steel  2)  after  reheating  to  I250°C,  rough  rolling  and  then 


reheating  to  950°C  is  shown  in  Figure  5a.  After  the  con¬ 
trolled  rolling  finishing  passes  (si,hedulc  3C),  a  uniform 
pancaked  austenite  microstructure  results,  Fig.  5b.  By 
comparison,  Fig.  5c  shows  the  final  austenite  microstructure 
in  the  Ti-bearing  steel.  The  heterogeneous  final  austenite 
microstructure  exhibited  in  Fig.  5c  is  caused  by  the 
non-uniform  microstructure  which  resulted  from  the  initial 
reheating  at  1250°C  in  this  steel.  Fig.  4a. 

Figures  4  and  5  illustrate  an  important  principle  which  is 
central  to  attaining  proper  TMP;  neither  roughing  nor  finish¬ 
ing  rolling  can  eliminate  heterogeneities  in  grain  sizes  which 
originate  in  the  initial  as-reheated  austenite  microstructure. 
It  is  well-recognized  in  ferrite-pearlite  steels  that  the  final, 
transformed  microstructure  is  a  reflection  of  final,  rolled 
austenite  microstructure  and  heterogeneities  in  the  microstruc¬ 
ture  of  the  final  rolled  austenite  will  cause  similar  non-uni¬ 
formities  in  the  final  transformed  microstructure.  The 
presence  of  mixed  grain  sizes  in  ferrite-pearlite  steels  has 
been  shown  to  be  responsible  for  a  deterioration  in  resistance 
to  low  temperature  brittle  fracture*^\  In  bainitic  steels,  the 
resistance  to  brittle  fracture  is  controlled  to  a  large  extent  by 
the  size,  shape  and  uniformity  of  the  final,  rolled  austenite 
microstructure.  Good  resistance  to  low  temperature  toughness 
is  promoted  by  the  presence  of  a  uniform  distribution  of  fine 
austenite  grains.  This  relationship  will  be  discussed  below. 

INFLUENCE  OF  COMPOSITION  ON  STRENGTH  -  The 
tensile  properties  of  steels  No.  1  through  7  are  shown  in  Table 
II.  The  results  indicate  that  the  strength  of  ULCB  steels  can 
be  controlled  and  optimized  by  a  careful  control  of  the 
composition.  That  is,  tl.s  steel  composition  controls  the  Bs 
temperature  which  in  turn  controls  the  strength  of  ULCB 
steels.  The  relationship  between  the  measured  strength  and 
the  measured  Bs  temperature  is  illustrated  in  Figure  6.  Figure 

6,  shows  a  linear  relationship  between  the  measured  strength 
and  the  measured  Bs  temperature.  A  comparison  of  the 
results  obtained  in  the  present  investigation  (Figure  6)  with 
the  data  from  Pickering^*’  and  Coldren*^’  is  shown  in  Figure 

7.  In  addition,  in  this  figure  are  shown  tensile  strength  values 
calculated  using  Pickering's  equation^^'  for  some  of  the  steels 
used  in  this  study.  A  comparison  of  the  results  between  the 
measured  and  calculated  strength  values  of  the  ULCB  steels 
shows  a  large  difference  in  strength  for  a  given  Bs  tempera¬ 
ture.  There  are  two  possible  explanations  for  the  large 
difference  observed.  First,  the  Bs  temperature  used  in  the 
Pickering  study  corresponded  to  the  temperature  at  50% 
transformation  whereas  the  Bs  used  in  the  present  study 
corresponded  to  the  15%  transformation  temperature.  Second, 
the  carbon  content  used  in  the  Pickering  study  was  near  0.1%, 
or  approximately  5  times  higher  than  that  used  in  the  present 
study. 

In  Figure  7  is  also  shown  a  comparison  of  the  results 
obtained  by  Coldren  et.  al.'*^  and  the  results  of  the  present 
study.  The  Bs  temperature  used  in  both  experiments  was 
defined  at  15%  transformation.  It  is  clear  that  the  two  studies 
have  observed  different  temperature  dependences  of  the  yield 
strength.  For  example,  Coldren  et.  al.  found  that  the  Y.S. 
increased  by  1.89  MPa/°C  whereas  the  present  study  found  an 
increase  of  3.39  MPa/°C.  The  difference  in  behavior  ob¬ 
served  in  the  two  studies  is  most  likely  caused  by  differences 
in  the  way  in  which  the  Bs  temperatures  were  varied.  In  the 
Coldren  et.  al.  study,  the  Bs  temperature  was  varied  principal¬ 
ly  by  altering  the  cooling  rate.  In  the  present  study,  the 
changes  in  Bs  temperatures  were  obtained  through  variations 
in  steel  composition,  hence,  the  larger  increases  in  strength 
observed  in  the  ULCB  steels  for  a  given  Bs  temperature  are 
most  likely  due  to  solid  solution  effects. 

In  summary,  it  has  been  shown  that  bainitic  steels  can 
exhibit  yield  strengths  in  the  range  of  700-900  MPa  (100- 1 30 
ksi)  in  25  mm  (1  in)  thick  hot  rolled  plates.  Since  the  strength 
of  these  steels  varies  with  the  Bs  temperature,  the  strength 
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observed  in  these  steel  can  be  simply  related  to  their  composi¬ 
tion. 

INFLUENCE  OF  MO  AND  B  ON  YIELD  STRENGTH  - 
The  effect  of  increasing  Mo  additions  to  ULCB  steels  is 
illustrated  in  Table  Ill.  As  expected,  the  yield  and  tensile 
strength  increased  with  higher  Mo  contents.  From  the  results 
shown  in  Table  111,  it  is  important  to  notice  that  the  combined 
effect  of  Mo  and  B  appears  to  affect  only  the  yield  strength 
of  the  steels.  The  ultimate  tensile  strength  does  not  seem  to  be 
markedly  affected  by  the  presence  or  absence  of  B.  The 
correlation  between  the  yield  and  tensile  strength  behavior 
observed  in  the  ULCB  steels  with  the  presence  or  absence  of 
B  for  a  given  Mo  content  is  shown  in  Figure  8.  This  figure 
also  shows  the  excellent  linear  relationship  between  the 
measured  Bs  temperature  and  the  measured  strength  of  the 
steels. 

INFLUENCE  OF  THERMOMECHANICAL  PROCESS¬ 
ING  ON  THE  NOTCH  TOUGHNESS  OF  ULCB  STEELS  - 
It  is  well  known  that  the  strength  of  bainitic  steels  varies 
inversely  with  the  Bs  temperature.  Furthermore,  the  Bs 
temperature  is  also  known  to  vary  linearly  with  composition. 
However,  in  most  of  the  early  work  published  in  the  litera¬ 
ture,  the  parent  phase  was  in  the  fully  recrystallizcd  condition 
prior  to  transformation.  This  resulted  in  an  inverse  relation¬ 
ship  between  strength  and  resistance  to  brittle  fracture^*^. 
The  results  of  the  present  study  have  shown  that  austenite 
conditioning  can  have  a  dramatic  effect  on  the  Bs  temperature 
and,  therefore,  also  on  strength.  Table  IV.  However,  the 
major  influence  of  austenite  conditioning  was  in  improving 
the  resistance  to  brittle  fracture.  The  impact  toughness 
behavior  of  ULCB  steels  is  shown  in  Figure  9.  The  results 
from  this  figure  clearly  show  the  excellent  combination  of 
strength  and  toughness  exhibited  by  the  ULCB  steels  in  the 
as-hot  rolled  condition.  The  steels  shown  in  Figure  9  sur¬ 
passed  the  impact  energy  of  47  Joules  (35  ft-lbs)  at  -SS'C 
(-120”F)  that  is  required  by  the  U.S.  Navy  for  ship  construc¬ 
tion  applications. 

The  beneficial  effects  of  a  well  designed  and  processed 
steel  in  terms  of  the  overall  package  of  mechanical  properties 
are  shown  in  Table  V.  This  table  shows  the  effects  of 
austenite  conditioning  (i.e.  S,,,  the  effective  interfacial  area 
per  unit  volume),  the  total  projected  inclusion  length  per  unit 
area  (Eb)  and  yield  strength  on  the  f racture  appearance  transi¬ 
tion  temperature  (FATT,pj)  and  on  the  upper-shelf  energy 
(USE)  of  the  ULCB  steels  investigated  in  this  program.  The 
effectiveness  of  austenite  conditioning  is  usually  described  by 
the  parameter  which  encompasses  internal  surface/volu- 
me  effects  originating  from  grain  boundaries,  deformation 
bands  and  incoherent  twins.  The  shown  in  Table  V  has 
been  calculated  from  the  equivalent  grain  diameter  Da  and 
includes  only  contributions  from  grain  boundaries.  In  general, 
well  conditioned  austenite  is  described  by  values  in  excess 
of  about  150  mm'V 

As  expected,  the  results  shown  in  Table  V  clearly  indicate 
that  the  overall  package  of  properties  exhibited  by  bainitic 
steels  can  be  dramatically  improved  by  proper  austenite 
conditioning.  For  example,  a  comparison  between  steels  I  and 
4  with  similar  yield  strength,  reveals  that  steel  1  which  has  an 
average  austenite  grain  size  of  87.3  nm  had  a  FATT^p^of  O'C, 
whereas  steel  4  with  an  austenite  grain  size  of  33.2  frm  had  a 
FATTjpjOf  -68°C.  This  represents  an  improvement  of  -68'’C 
in  low  temperature  impact  toughness  due  to  the  microstruc- 
tural  refinement  of  austenite. 

Another  microstructural  feature  which  is  known  to 
influence  both  ductile  and  brittle  fracture  is  the  non-metallic 
inclusions  or  steel  cleanliness.  In  general,  the  resistance  to 
both  ductile  and  brittle  fracture  is  improved  with  increased 
steel  cleanliness.  The  cleanliness  of  a  given  steel  can  be 
assessed  in  several  ways,  including  the  parameter  Eb,  or  total 
projected  length*®\  A  good  assessment  of  the  influences  of 


cleanliness  and  austenite  grain  size  on  the  USE  and  the  FATT 
is  shown  in  Table  V  for  steels  1,  4  and  7. 

EFFECT  OF  TEMPERING  TEMPERATURE  ON 
STRENGTH  AND  TOUGHNESS 

As  hot  rolled  plates  are  often  tempered  or  aged  after 
rolling.  For  example,  tempering  may  be  intentionally  used  to 
improve  the  base  plate  properties  of  a  given  steel.  On  the 
other  hand,  tempering  may  be  unintentional,  e.g.  during  the 
stress-relief  annealing  of  weldments.  In  either  event,  it  is 
important  to  know  how  the  base  plates  will  respond  to 
tempering. 

The  behavior  of  as-rolled  ULCB  steels  to  aging  treatments 
is  presented  in  Figure  10.  The  results  from  this  figure  show 
that  ULCB  steels  have  basically  a  two  stage  response  to 
tempering  treatments.  In  the  first  stage,  the  ULCB  steels 
appear  to  be  fairly  insensitive  to  tempering  treatment  when 
tempered  below  about  550°C.  The  second  stage  results  in 
overall  softening.  During  low  temperature  tempering,  the  yield 
strength  increases  slightly  with  higher  temperature.  However, 
the  overall  strength  level  in  this  stage  is  controlled  by  the  Mo 
content.  During  the  softening  stage  of  tempering,  the  strength 
does  not  appear  to  be  strongly  influenced  by  the  Mo  level. 
Furthermore,  the  transition  between  the  two  stages  of  temper¬ 
ing  appears  to  be  inversely  related  to  the  Mo  content.  For 
example,  the  transition  for  steel  6  (3.05  Mo)  is  near  550°C 
whereas  it  is  near  580°C  for  steel  4  (1.76  Mo).  The  behavior 
shown  in  Figure  10  is  indicative  of  complex  strengthening 
mechanisms  involving  dislocation,  precipitation  and  solid 
solution  hardening. 

The  major  contribution  of  the  tempering  treatments  was 
in  the  impact  toughness  behavior  of  ULCB  steels.  Figure  1 1 
clearly  shows  the  beneficial  effect  of  tempering  on  the  impact 
toughness  of  the  steels.  The  results  from  Figure  1 1  illustrate 
that  tempering  not  only  increases  the  USE  of  the  steel  but  also 
simultaneously  increases  the  resistance  to  brittle  fracture.  The 
significant  gain  in  impact  toughness  is  realized  without  a 
decrease  in  strength  due  to  tempering  treatments.  The  above 
behavior  can  be  explained  in  terms  of  two  concomitant  and 
offsetting  events  that  take  place  during  tempering.  That  is, 
the  loss  in  strength  due  to  dislocation  annihilation  and 
rearrangement  is  most  likely  balanced  by  the  increase  in 
strength  due  to  the  precipitation  reactions.  The  increase  in 
impact  toughness  is  due  to  subgrain  formation  and  elimination 
of  stresses  introduced  during  the  bainitic  transformation 
reaction. 

CONCLUSIONS 

1.  The  strength  of  as-rolled  ultra-low  carbon  bainitic 
steels  can  be  controlled  by  the  proper  combination  of 
alloy  design  and  thermomechanical  processing.  The 
strength  is  controlled  by  the  Bs  temperature. 

2.  The  strength  of  steels  with  a  high  Bs  temperature  is 
strongly  sensitive  to  austenite  conditioning,  whereas 
the  strength  of  steels  with  a  low  Bs  temperature  is  less 
dependent  on  processing  conditions. 

3.  The  excellent  impact  toughness  properties  of  the 
as-rolled  ULCB  steels  were  attained  through  proper 
microstructural  refinement  of  the  parent  phase 
austenite. 

4.  Tempering  of  the  as-rolled  ULCB  steels  produces  an 
additional  increase  in  the  impact  toughness  of  the 
steels,  without  a  significant  decrease  in  strength. 
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TABLE  I,  COMPOSITION  (WT%)  OF  STEELS  INVESTIGATED 


STEEL 

C 

Mn 

P 

S 

Cr 

Ni 

Mo 

Nb 

N 

Ti 

B 

1 

.021 

.94 

.  005 

.  004 

— 

1.41 

1.49 

.  052 

.  006 

.  016 

.001 

2 

.017 

1.01 

.  006 

.  004 

— 

3.15 

3 . 02 

.  055 

.  001 

.  013 

.0011 

3 

.018 

.51 

.002 

.  003 

— 

3.05 

1.53 

.  053 

.  006 

.  020 

.002 

4 

.  024 

,95 

.  002 

.  002 

.48 

3.54 

1.76 

.  050 

.  009 

— 

— 

5 

.026 

.92 

,  003 

.  003 

.42 

3.58 

2.59 

.  053 

.  008 

— 

— 

6 

,027 

.95 

.  008 

.002 

.45 

3.63 

3.05 

.055 

.007 

“ 

-- 

7 

.  026 

1.01 

.  007 

.  002 

.  49 

3.58 

1.70 

.  052 

.  006 

TABLE  II,  TENSILE  PROPERTIES  OF  STEELS  INVESTIGATED 


#  STEEL 

YS 

UTS 

ala) 

^1 

RA 

MPa  ()csi) 

MPa (ski) 

% 

% 

1 

750(109) 

883(128) 

18.3 

63 . 2 

2 

945(137) 

1073(156) 

15.7 

65.1 

3 

670(97) 

807(117) 

23  5 

66.0 

4 

752(109) 

924(134) 

19.2 

61.8 

5 

779(113) 

972(141) 

15.9 

58 . 2 

6 

834(121) 

1027(149) 

16.0 

61.3 

7 

745(108) 

917(133) 

18.3 

67.4 

(a)  25.4  miti  (1  in)  gage  length 
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TABLE 

III 

,  INFLUENCE  OF 

Mo  AND  B 

ON  TENSILE  PROPERTIES 

#  STEEL 

YS 

MPa (ksi) 

UTS 

MPa (ksi) 

RA 

% 

1 

750(109) 

883(128) 

18 . 3 

63 . 2 

2 

903(13 

1) 

979(142) 

16.0 

60.7 

5 

800(116) 

986(143) 

16.1 

55.6 

6 

834(121)  1027(149) 

15.8 

60.5 

7 

745(108) 

917(133) 

18 . 3 

67.3 

(a) 

25.4 

mm  (1  in) 

gage 

length 

TABLE  IV,  INFLUENCE  OF  AUSTENITE 
TEMPERATURE  ON  Bs  TEMPERATURE 

DEFORMATION  BELOW  RECRYSTALLIZATION 

Bs  Temperature  (°C)  at 
Indicated  Deformation 

#  STEEL 

0% 

20% 

50% 

r  ^^1 1)",.  ■ 

1 

590 

608 

614 

18 

24 

4 

540 

553 

552 

13 

12 

5 

504 

497 

493 

-7 

-11 

7 

564 

562 

569 

-2 

5 

TABLE  V,  COMPARISON  OF  QUANTITATIVE  PARAMETERS  OF  AUSTENITE 

GRAIN  SIZE  AND  INCLUSIONS  WITH  MECHANICAL  PROPERTIES  OF  STEELS 

TESTED 

STEEL 

YS 

MPa (ksi) 

mm 

Eb  , 
pm/mm‘ 

USE 

J(ft-lb) 

^^'^'^(50%) 

°C 

i 

750(109) 

69 

1054 

80(59) 

0 

2 

945(137) 

93 

432 

83 (61) 

-15 

3 

690(100) 

114 

676 

111(82) 

-50 

4 

752(109) 

179 

390 

127(94) 

-68 

5 

800(116) 

256 

1416 

81(60) 

-55 

6 

834(121) 

209 

339 

115(85) 

-48 

7 

745(108) 

221 

243 

153(113) 

-75 
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Figure  1.  Susceptibility  to  heat  affected  zone  cracking. 
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Figure  TMP  of  ULCB  steels. 
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Figure  2.  Relation  between  CTOD  value  and  fraction  of 
martensitic  islands  of  simulated  FfAZ^^’. 
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Figure  6,  Relationship  between  measured  Bs  temperature 
and  measured  strength  of  ULCB  steels. 


Figure  7.  Comparison  of  measuted  versus  calculated  strength 
values  for  a  given  Bs  temperature. 


Figure  8.  Influence  of  B  on  the  strength  of  ULCB  steels. 
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Figure  9.  Impact  toughness  of  as-hot  rolled  ULCB  steels. 
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Figure  II.  Comparison  of  impact  toughness  between  as-hot 
rolled  and  as-tempered  ULCB  steels. 
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Figure  10.  Tempering  behavior  of  ULCB  steels. 
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ABSTRACT 

Pertormnncc  of  15MnVN  sLct'l  after  cold  form¬ 
ing,  its  weldability  and  properties  resulting 
from  heat  treatment  after  welding  for  relieving 
residual  stress  were  comprehensively  and  syste¬ 
matically  studied.  Reliability  of  gas  storing 
spherical  pressure  vessel  made  of  this  steel 
was  analysed.  The  experimental  result  show  up 
the  influences  of  the  manufacture  process  during 
cold  forming,  welding  and  heat  treatment  on  me¬ 
chanical  properties  and  micro-structure  of  the 
steel  and  welded  joints,  as  well  as  the  degree 
of  influence  to  which  changes  in  properties 
would  give  on  the  manulacture  of  the  spherical 
vessel  and  safety  in  service.  Methods  to  avoid 
embrittlement  and  to  improve  reliability  for  ap¬ 
plication  are  proposed  by  the  authors. 

The  V-N  ferrite  high  strength  low  alloy 
steel  ( 1 5MnVN ) , wh ich  was  developed  in  the  1970s, 
with  it'L  as>441MPa  (  45Kg  •  f /mm2  ) .  ab  >592MPa 
( 60Kg • f /mra2 )  in  the  normalized  conditiof),  has 
been  used  in  manufacture  of  gas  storing  spheri¬ 
cal  pressure  vessel  under  a  pressure  of  2.94MPa 
30Kg*C/cm2).  Because  of  its  higher  strength 
than  the  C-Mn  series  of  steel  commonly  used  in 
our  country,  the  thickness  of  the  vessel  wall 
made  of  this  steel  plate  can  therefore  be  redu¬ 
ced.  According  to  designning  calculation,  the 
wall  thickness  o^"  a  pherical  vessel  with  dia¬ 
meter  9.2m  may  be  reduced  from  SOinm  to  42tnm. 
Due  to  the  reduce  of  the  wall  thickness,  16%  of 
material  may  be  saved  and  the  productivity  raised 
greatly.  The  I 5MnVN  steel  has  a  better  ducti¬ 
lity  and  toughness,  and  the  brittleness  trans¬ 
formation  temperature  is  lower.  In  a  large  num¬ 
ber  of  tests  on  the  properties  of  the  steel, 
weldability  and  low  temperature  simulative  ex¬ 
plosion,  it  was  shown  that  the  1 5HnVN  steel  can 
satisfy  the  service  requirements  on  the  gas  stor¬ 
ing  spherical  pressure  vessel,  but  the  yield 
stress  and  impact  toughness  of  this  steel  were 
lowered  during  the  manufacture  of  the  sphere 
shell  due  to  the  cold  forging  formation.  On 
welding,  a  marked  tendency  to  cold  cracking  ap- 
pered  for  the  higher  carbon  equivalent.  If  a 
gr(‘a:.  heat  in-put  was  applied,  the  coarse  grain¬ 
ed  region  in  HAZ  would  be  more  brittle.  A  slight 
brittleness  occurod  near  the  fusion  line  of 
welds  when  relieving  residual  stress  after  weld¬ 
ing. 

1 5MnVN  steel  is  a  C-Mn  type  high  strength 
low  alloy  fine  grained  steel,  it  is  strengthed 
and  fine  grained  by  the  precipitation  of  such 
alloying  elements  as  nitrogen,  vanadium,  alumi¬ 


nium.  The  typical  chemical,  composition  and  me¬ 
chanical  properties  are  listed  in  table  1  and  2. 

In  order  to  test  the  reliability  of  sphe¬ 
rical  pressure  vessel  made  of  15MnVN  steel,  the 
characteristics  of  the  steel  after  cold  forging 
and  its  weldability,  as  well  as  the  influences 
of  heat  treatment  for  relieving  residual  stress 
after  welding  on  the  performance  of  the  welded 
joints  were  researched  by  Central  Research  Ins¬ 
titute  of  Building  and  Construction  of  M.M.I. 

1.  The  Influence  of  Cold  Forming  on  the  Charac¬ 
teristics  of  1 5MnVN  Steel 

The  cold  forming  process  has  been  widely 
applied  in  fabricating  the  shell  of  gas  storing 
spherical  vessel.  For  various  volumes  of  sphe¬ 
res,  the  diameters  of  sphere  range  from  4.6  to 
12. 3m.  The  cold  forming  process  may  cause  plas¬ 
tic  deformation  in  steel.  G.M.CAO  etc  investi¬ 
gated  the  influences  of  the  cold  forming  and 
strain  aging  on  the  characteristics  of  ISMnVN 
steel.  Because  the  value  of  the  plastic  defor¬ 
mation  rate  ( £  )  varies  with  the  radius  of  cur¬ 
vature  and  thickness  of  the  shell  it  can  there¬ 
fore  be  calculated  using  the  following  formula: 


where,  Rjj-  Original  radius  of  curvature  of 
gravity  center  layer; 

R  -  Designed  radius; 

s  -  Thickness  of  plate. 

None  of  the  values  of  so  calculated  for 
a  sphere  of  4. 6-12. 3m  in  diameter,  made  of  plate 
24-50mm  in  thickness  exceeded  1.1%,  but  in  fact, 
the  distribution  of  the  actual  deformation  rates 
(£)  in  different  locations  of  the  plate  are  he¬ 
terogeneous  during  the  cold  forming  of  the  sphe¬ 
re  shell.  The  degree  of  heterogeneity  changes 
depending  on  the  method  of  forming  and  dimen¬ 
sions  of  the  sphere  section.  According  to  the 
authors'  practical  measurements  of  £  on  equato¬ 
rial  zone  on  the  sphere  of  9.2m  dia.aeter  in  44mm 
plate  thickness  deformed  by  cold  forming, a  maxi¬ 
mum  deformation  rate  of  1.1%  was  demonstrated  at 
the  external  surface  of  the  shell,  much  higher 
than  the  calculated  value  (0.7%),  and  its  loca¬ 
tion  was  at  the  central  region  of  the  external 
surface  along  the  long  side  direction.  But  a 
minimum  deformation  rate  was  found  to  be  only 
0.15%  at  the  edge  of  the  external  surface  of  the 
shell  along  the  short  side  direction.  It  can  be 
seen  that  the  distribution  law  of  deformation 
rates  at  external  surface  of  sphere  shell  (as 
shown  in  Fig.l)  would  be:  the  most  heavilly  de- 
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termed  nt  the  centt'r  and  becoming  Loss  and  less 
deformed  towards  the  edge.  The  deformation  on 
the  internal  surface*  of  sphere  shell  was  all  ot 
a  compress i ve ly  strained  nature  except  the  cenL- 
ra  1  region  showing  a  strain  under  tension.  With 
a  dc!''rmation  distribution  curve  along  the  long 
edge  ot  the  plate  tfiat  showed  a  low  deformation 
rate  at  the  center  which  gradually  became  higher 
when  being  farther  away  from  it.  On  all  cases, 
the  absolute  value  of  deformation  rate  on  inter¬ 
net  surlace  was  smaller  than  that  on  the  external 
and  was  determined  as  -0.75'‘4  max.  The  curve  of 
dcform.it  ion  rates  measured  and  t  he  polar  tempera¬ 
ture  zone  shows  a  distribution  and  type  of  delor- 
mation  basically  similar  to  those  of  the  quato- 
ri.il  zone  with  strain  under  tension  at  the  exter¬ 
nal  surf.ice  wlii  Ic  strain  under  compression  at  the 
internal  surface  and  the  absolute  values  oL  the 
two  types  being  basically  the  same,  e.g.  The 
niiximinn  0.7^)"',  and  the  minimum  0.1'>%.  Obviously 
the  deformation  rate  of  a  sphere  shell  in  diame¬ 
ter  of  less  t  lian  ^.2m  siiould  be  larger  than  that 
ot  the  sphc're  in  ‘^,2m  diameter.  hesidi'S  the  inea- 
svjred  v.ilues  nviy  possiblv  be  larger  than  the 
eilciilafed  ones.  tinided  bv  t  li  i  s  aiiatysis,  the 
sample  with  co^npress  i  ve  deformation  rates  of 
O.V. ,  l.T'c  and  2,')’-.  were  selected  to  tensile 
tests  and  t.iu-*  samples  with  tensile  deformation 
rates  pt  1%,  IT.,  aT  to  impact  tests,  drop  weight 
tests  and  aging  tests  at  2 '10  C  for  I  h.  Ii\  addi¬ 
tion,  s.unples  were  taken  bv  machining  for  iinp.jct 
tests  from  both  the*  internal  and  external  surfa¬ 
ce  lavers  v;hich  h.ad  been  undergone  tensile  or 
compressive  de  f  o  rrira  t  i  on  respectively. 

The  test  results  are  shown  .is  the  curves  in 
Fig. 2.  it  indicates  that  no  obvious  changes  .arc* 
seen  on  -5  .  'I*,  <J'[y  values  within  the  t(*sted  r.inge 
for  conifiressive  cold  forming  .ind  that  an  inf¬ 
luence  of  (he  compress’ ve  de  f  o  rma  t  i  on  on  CTg  did 
exist.  When  tfie  compressive  deformation  rate 
increases,  the  CT^  value  decreases  gradually  from 
''iS'iMPa  to  35‘;MPa  a;  a  point,  correspondi  ng  to  the 
de  t  o  rtn/i  t  i  on  rate  ol  -1.3%,  .i  drop  of  27%. 

T(  verify  the  above  test  results,  samples 
were  i  cfiin-taken  from  the  central  region  of  in¬ 
ternal  surface  at  polar  temperature  zone  of  the 
spliere  shell.  The  results  from  those  samples 
showf'd  obvious  dropping  of  from  30()MI’.»  .it  the 

initial  condition  to  Mibi ,  a  decrease  by  12%. 

For  s.imples  deformed  by  tcn.sion  and  compre¬ 
ssion,  flu-  decro.ise  of  imp.ict  toughness  at  room 
f  empc  r.i  t  u  re  was  more  obvious  when  at  t  fie  delor- 
maf  ion  r.ite  ol  1%  (sei*  Fig. 3)  and  did  not  change 
much  as  f he  deformation  rate  further  increased. 
Only  after  an  aging  at  2jO°C  for  I  li ,  did  the 
iiure.ise  ot  tensile  or  compressive  deformation 
rate  <ause  a  declining  trend  of  impact  toughness 
(  se('  F  i  g  .  4  )  . 

Tlu-  inlliK'jue  of  tensile  or  compressive  de- 
format  ion  on  flu*  h.irdness  is  completely  the  same 
as  on  impact  Toughness  (see  Fig. 3). 

The  results  of  drop  weight  tests  suggested 
that  whc'n  the  lieformation  rate  was  \X  in  36nim 
thickness  of  sphere  shell,  the  non-toughness 
rransif  ion  temperatvire  NDT  was  increased  by 
from  the  original  3(}^C  at  I  lie  initial  st.ite. 


From  the  above  experiments  it  can  be  seen 
that  the  (Tg ,  and  NDT  show  remarkable  decrease 
when  the  deformation  rate  of  sphere  shell  is  in 
the  range  of  0.5  -1.5%.  Such  decreases  will 
then  become  less  as  the  deformation  rate  increa¬ 
sed  continuously. 

The  actually  measured  deformation  rates  on 
the  sphere  shell  9.2  m  in  diameter  and  44  mm  in 
plate  thickness  were  in  the  range  of  0.1  -  1.1%, 
but  would  be  so  high  as  to  be  beyond  this  range 
if  the  sphere  diameter  was  smaller  than  9.2  m. 
Since  it  has  been  proved  that  cold  deformation, 
especially  when  under  compression  within  the 
range  of  0.1-1. 5%,,  tends  to  lower  the  toughness 
c'lnd  yield  stress  of  the  steel,  it  is  therefore 
necessary  to  maintain  a  uniform  distribution  of 
deformation  of  the  sphere  shell  during  the  cold 
forming  process  so  as  to  help  minimize  the  maxi¬ 
mum  delormation  rate  of  the  spherical  shell. 

The  reasons  about  the  embrittlement  of  steel 
by  cold  deformation  is  commonly  considered  as 
the  result  of  increase  in  dislocation  density  by 
deformation  and  aging, which  has  lowered  down  the 
level  of  energy  to  initiate  and  expand  cracking. 
Tfic  plastic  relax  ability  of  metal  elastic  stress 
is  decreased  by  aging  in  the  case  of  the  cracks 
expans i on . 


2.  The  Tendency  ot  Cracking  of  1 5MnVN  Steel  in 
We  Iding 

The  tendency  of  cracking  in  welding  is 

usualy  related  directly  to  the  alloyed  elements 

and  their  contents  in  steel,  expressed  as  carbon 

Equivalent  (Ceq  ?«)  and  recently  also  as  cracking 

sensitive  index  number  (Pem  %) •  The  calculation 

formula  is  given  below: 

„  ,,  ,  /iT.n  r-  Ni  +  Cu  Cr-.Mo  +  V 

Ceq(7J  ( I IW)  =  C 


Pcm(%)  =  +  §5 


b  15 
Mn+Cuf Cr 
20 


60 


5 

Mo 

15 


10 


5B 


According  to  the  chemical  composition  des  i go¬ 
od  (see  table  1),  the  Ceq(%)  of  iSMnVN  steel  is 
high  ( Ceq^^^j^  _  =0 . 52%)  ,  which  can  be  assumed  to 
heve  a  strong  tendency  to  cracking  in  welding.  A 
highest  hardness  test  (Fig. 6),  Y-groove  cracking 
restraint  Lest  (Fig. 7)  and  inplant  tost  (Fig, 8) 
were  conducted  Lc  estimate  the  cold  cracking  ten¬ 
dency  of  1 5MnVN  steel  by  the  authors  under  the 
condition  of  constant  hydrogen  diffusion  and  con¬ 
stant  heat  input  during  wrMding.  The  test  resul¬ 
ts  are  listed  in  table 

From  the  results  of  the  highest  hardness 
test  in  HAZ  it  is  shown  that  the  maximum  hardness 
of  HAZ  under  the  applied  welding  condition  has 
been  400(Hv)  or  so.  Even  if  preheated  to  173  d, 
the  hardness  value  of  HAZ  can  still  be  as  higii 
as  382  Hv. 

From  Lfie  results  of  Y-groove  cracking 
restaint  tests,  it  can  be  seen  that  the  welding 
cracking  rate  of  1 5MnVN  steel  is  liigh  and  the 
preheating  temperature  should  reach  1^5^C  to 
avoid  the  appearance  of  welding  cracking.^ 

The  results  of  inplant  tests  show  that  tiie 
1 5MnVN  steel  has  a  comparatively  low  critical 
stress  beyond  which  cracks  would  possibly  occur. 
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but  this  critical  stress  increases  as  the  pre¬ 
heating  temperature  raises.  If  extra  lou-hydrogen 
electrodes  are  applied  in  welding,  it's  critical 
cracking  stress,  compared  with  the  ordinary  low 
hydrogen  electrodes,  could  be  raised  from  294MPa 
to  441MPa  when  t8/5  is  equal  to  6.5  sec  at  a 
preheating  temperature  of  100  C.  Another  group 
(3  and  7)  of  test  data  show  that  the  critical 
cracking  stress  can  be  increased  from  AAlHPa  to 
578MPa  when  t8/5  is  equal  to  7. 3-7.8  sec  at  a 
preheating  temperature  of  150  C. 

From  the  results  of  all  the  tests  presented 
above,  it  has  been  demonstrated  that  the  welding 
cr.n'king  s('nsiiivity  ol  t  h<'  1  5MnVN  is  high, 

it  is  tlierefore  ncccs^nry  to  .adopt  prelieat- 

i  ng  temperature  such  .is  1  50-200^0  ^  i  to  avoid 
welding  cracking.  It  the  u 1 t ra I ow-hydrogen  ele¬ 
ctrodes  are  applied,  the  resistance  to  cracking 
in  welding  will  be  better. 

3.  The  Characteristics  of  Coarse  Grained  Zone  in 
HAZ 

Usually  the  toughness  of  the  coarse  grained 
zone  in  HAZ  is  r.ather  low  during  the  welding  ot 
HSI A  steel.  The  zone  is  therefore  a  weak  link 
oi  the  joints.  The  1 5MnVN  steel,  though  streng¬ 
thened  through  precipitation  of  alloying  elements, 
being  good  at  toughness  and  with  a  brittleness 
transition  temperature  lower  than  -80°C  and  a 
non-t oiighness  transition  temperature  NHT  between 
-45'^C  and  -60°C,  exhibits  remarkable  embrittle¬ 
ment  in  the  heat  ailccted  tr.insilioii  zone  when 
great  input  of  energy  is  applied  in  welding. 

Y.  Tian  etci'^l  (Qinghua  University)  have 
determined  the  influence  ot  v.iriance  of  cooling 
time  from  temperature  ot  800^C  to  500  C  (At8/5) 
on  the  toughness  of  the  steel  using  a  method  ot 
simulated  heating  cycle.  The  simulated  specimens 
were  machined  1  roin  the  1  5MnVN  steel  containing 
0.!87o  carbon.  Then  the  mic  rost  rue  t  uro  of  over¬ 
heat  zone  was  subjected  to  a  simul.ited  heating 
to  the  peak  t  eriipe  r.a  t.  u  re  of  1350  C  on  G  I  eehc- I  5t)t) 
apparatus  at  six  dilferenc  cooling  rates.  The 
Z1C8/5  were  2,.,  6^,  18,,,  30g ,  40^  and  60,.  res¬ 
pectively.  Impact  tests  were  performed  at  room 
temperature  and  -A0°C.  The  Lest  results  are  shown 
in  F  i g  . 9 . 

From  Fig. 9,  it  is  demonstrated  that  only 
the  samples  with4t8/5<2g  had  fairly  high  impact 
toughness,  its  impact  energy  being  51. 3j  (5.23 
Kg-m)  Once  the  At8/5  increased  (  6j.),  the  tou- 
ghno.ss  would  decrease  so  severely  that,  the  iiq>,act 
energy  even  at  room  tetnperature  w.as  .alre.ady  below 
9 . 8 j ( 1  Kg . f  . m) ,  and  an  obvious  embrittlement  ten¬ 
dency  was  shown  in  the  over-heated  zone.  The  im¬ 
pact  toughness  was  only  slightly  improved  as 
dt8/5  continued  to  increase.  The  reason  of  the 
embrittlement  tendency  can  be  lound  fro.u  the  ex- 
mination  on  the  microstructure  of  the  over-heated 
zone  by  meaas  of  optical  micro-scope  and  electron 
transmission  (as  shown  in  table  A).  When  t^L8/  ^<2^ , 
the  specimens  were  under  a  rapid  cooling  condi¬ 
tion.  Only  plate-  like  martensite  in  the  sole 
form  appe.'jrc'd  and  no  upper  baitiile  was  separated 
inside  the  grains,  nor  was  there  a  second  phase 


separated  in  grain  boundary.  The  above  mentioned 
martensite  was  oC  low-carbon  and  had  fairly  good 
toughness.  As  <3t8/5  increased,  upper  bainlte  be¬ 
gan  to  appear  inside  the  grains  while  at  the 
boundaries  was  formed  a  net-shaped  prior  eutec- 
toid  ferrite,  accomparied  by  occurance  of  brittle 
phase  of  M-A  texture,  in  this  case,  cracks  might 
readily  be  initiated  on  the  tnterphase  of  the 
prior  eutectoid  ferrite  and  M-A  phase  when  sub¬ 
jected  to  external  force.  Further  increase  of 
ac8/5  brought  about  a  coarsening  ot  upper  bainite 
as  well  as  M-A  phase  at  the  boundaries,  leading 
to  easy  fracture  as  a  result  of  intergranular 
clcav.igo  fr.icLure  when  ailccted  by  thermal  stress 
in  welding.  When  dt8/5  was  up  to  30,;,  the  upper 
bainite  got  so  fully  developed  and  M-A  phase  be¬ 
came  so  large  in  cross  section  as  to  cause  cija- 
vage  fracture  to  occur  even  at  room  temperature. 

y.  Zhang  etc  of  Central  Research  Institute 
ol  Building  and  Construction  of  M.M.I.  performed 
a  series  of  simulated  heating  tests  on  15MnV'N 
steel  with  0.207,  C  at  peak  temperatures  of  1350°C 
•and  1250°C  for  cooling  time  of  5g,  8.5^,  12.5s, 
20s  and  AOj  respectively  and  then  carried  out 
impact  tests  at  different  temperatures  and  raeta- 
l  lograph ica 1  analysis,  the  results  are  shown  in 
Fig. 10  and  the  piiotos. 

From  the  curves  in  Fig. 10,  it  is  shown  that 
the  values  of  impact  toughness  and  its  changing 
trend,  when  418/5  =  20^,  are  similar  to  the  test 
results  obtained  by  Y.  Tian,  namely,  when  A t8, 15 
<5^,  impact  toughness  was  at  its  max i mum , co r re s- 
ponding  to  a  structure  with  martensite  as  matrix 
inside  the  grains  and  side  platelike  bainite  and 
small  amount  of  acicular  ferrite  spreading  on  it 
(see  Photo  1).  In  the  case  of  <dt8/5=8.5s,  the 
met  a  I  lograph ica 1  structure  was  similar  to  that 
in  the  cas  of  ^t8/5=5g  but  the  impact  toughness 
decreased  sharply.  When  z)  t8/ 5=1  2  .  5^  .  the  impact 
toughness  remained  about  the  same  as  whenzat8/5  = 
8.5g  hut  there  appeared  granular  bainite  mixing 
witli  martenisite  and  acicular  ferrite  with  prior 
eutectoid  ferrite  existing  at  boundaries  (see 
Photo  2).  The  structure  corresponding  to  Ai8/5= 
20g  was  similar  to  that  for  12. 55,  merely  except 
that  prior  eutectoid  ferrite  had  now  been  coarser 
and  the  while  low  temperature  impact  toughness 
remained  unchanged,  the  room  temperature  impact 
toughness  was  increased  instead.  Further  until 
At8/5=AOj.,  the  prior  eutectoid  ferrite  got  much 
coarser  and  became  continuous.  At  this  time, 
granular  bainite  and  acicular  ferrite  constituted 
nt^jor  p.rrt  of  a  gr.ain  with  only  a  little  of  fine 
pearlite  as  the  remainder.  Some  of  the  M-A  phase 
in  the  granular  bainite  had  dissolved  (see  Photo 
A)  and  hence  the  impact  toughness  at  room  tem¬ 
perature  was  increased  considerably.  Obviously 
dissolution  of  the  M-A  phase  should  be  consider¬ 
ed  to  be  a  reason  for  the  increase  in  impact  tou¬ 
ghness.  W-'.thin  this  cooling  time  of  At8/5,  the 
phenomenon  of  impact  toughness  increasing  does 
not  fully  conform  to  the  test  results  by  Y.Tian. 
But  under  the  condition  of  test  at  low  tempera¬ 
ture,  the  changing  trend  of  impact  toughness  vs 
At8/5  is  in  consistence  with  the  curves  shown  in 
Y.Tian’s  experiment.  Reasons  for  the  discrepan- 
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cy  between  the  two  m.iy  be  deemed  as  the  differen¬ 
ces  in  chemical  composition  of  the  steels  they 
used  and  in  the  conditions  of  cooling  cycle  app¬ 
lied  in  each  own  simulated  heating  tests. 

Although  the  impact  toughness  of  the  simu¬ 
latively  heated  sample?  frem  the  coarse  grained  zone 
in  flAZ  of  15  MnVN  is  low,  what  was  seen  on  the 
actual  welded  joints  was  quite  different  from 
this,  Z.Q.Lu  etcl^J  (Central  Researcli  Institute 
of  Building  and  Construction  of  M.M.l.)  made  wel¬ 
ding  te?''s  on  specimens  at  a  preheating  tempera¬ 
ture  of  165  C  using  an  in-put  energy  of  20-60 
KJ/cm.  Impact  test  specimens  were  cut-taken  from 
within  HAZ  of  the  welded  joints  and  subjected  to 
impact  test.  The  results  of  toughness  obtained 
were  on  the  whole  higher  than  those  from  simula¬ 
ted  thermal  tests  (see  Fig. 7).  At  different  rates 
of  coolint  embrittlement  transition  temperature 
(with  34  J/cm^  as  the  critical  point)  of  the 
coarse  grained  zone  in  HAZ  was  at  its  minimum 
when  4t8/5=8.5g,  and  began  to  show  an  increase 
when  4t8/5-=21g,  then  to  be  turning  down  after 
iit8/5-35g  (see  Fig. 8).  This  indicates  that  oven 
tliough  the  impact  toughness  of  the  coarse  grain¬ 
ed  zone  in  HAZ  at  the  welded  joint  is  higher 
than  that  from  simulated  thermal  specimens,  the 
changing  tendancy  of  embrittlement  transition 
temperature  vs  4t8/5  is  well  in  line  with  the 
simulated  thermal  test. 

Meta  1 lograph ic  analysis  on  the  coarse  grain¬ 
ed  zone  in  HAZ  at  the  welded  joints  suggests  that 
when  ^t8/5-8.5st  the  single  heated  structure  of 
over  heated  zot\e  was  subs  t  anc  ia  I  I  y  consisted  of 
plat  (‘like  martensite  as  the  matrix  with  acicular 
lerrito  distributed  on  ir,  both  raking  up  907,  of 
the  entirety.  Meanwhile,  the  martensite  had  un¬ 
dergone  se  1  f- 1 empe red  and  carbides  separated  (see 
Photo  4).  It  could  obviously  be  concluded  chat 
large  amount  of  ferrite  and  se I f-cempe r ing  of 
martensite  be  the  main  reason  for  a  lower  embri¬ 
ttlement-transition  temperature.  In  the  case  of 
At 8/ 5-2 1 -26s .  heating  would  produced  a  structure 
of  granular  bainite  mixed  with  acicular  ferrite, 
accounting  for  807,  totally  and  177*  occupied  by 
granular  bainite  along  (see  Photo  5).  It  is 
quite  clearly  Chat  existance  of  granular  bainite 
in  large  amount  constituted  a  major  cause  for 
the  increase  of  embrittlement  transition  terrpera- 
ture.  As  for  At8/5=35g,  very  possibly  due  to  the 
proportion  of  1 77„  taken  up  by  the  granular  bai¬ 
nite  shifting  down  to  chat  of  about  87„,  the  em- 
brittloinent  transition  temperature  dropped  again 
with  toughness  improved. 

The  regularity  of  slight  improvement  on  tou¬ 
ghness  vs  increasing  of  At8/5  is  in  consistensy 
with  the  results  of  simulated  thermal  tests  by 
Y.Zh.ing.  The  correspond  i  ng  changes  in  (he  micro 
structure  was  dissolution  of  and  less  proportion 
by  the  granular  martensite.  And  this  again  was 
the  cause  for  toughness  to  improve. 

Normally  the  impact  toughness  of  coarse 
grained  zone  in  HAZ  of  the  re.al  joints  is  higher 
than  that  of  simulatively  heated  specimens,  Be- 
Criuse  the  simulatively  heated  specimen  was  heated 
at  Che  peak  temperature  of  1350®C,  its  micro- 
st  ructure  after  cooling  was  a  uniform  one  develo¬ 


ped  from  a  sing’e  heating  process.  In  fact,  when 
the  impact  specimen  was  machined  from  the  HAZ  of 
a  real  joint,  the  fracture  path  from  the  apex  of 
V-notch  to  the  bottom  of  the  specimen  should  co¬ 
ver  both  the  single  heated  structure  formed  in 
the  previous  weld  run  and  the  heated  structure 
formed  in  the  subsequent  weld  run.  So  the  micro¬ 
structure  of  the  examined  area  through  which  the 
fracture  passed  was  not  uniform.  The  toughness 
of  single  heated  structure  of  the  coarse  grained 
zone  in  HAZ  of  a  real  joint  was  higher  than  that 
of  the  simulatively  heated  specimen  and  the  hard¬ 
ness  of  the  former,  lower  Chan  chat  of  the  latter 
because  of  that  the  next  weld  run  had  a  tempering 
effect  on  the  previous  run.  As  a  results  granu¬ 
lar  carbides  were  separated  from  low  carbon  mar¬ 
tensite  and  the  toughness  improved. 

Further  study  on  the  real  joints  would  reco¬ 
mmend  that  the  double  heated  structure  of  the 
over-heated  zone  in  HAZ  be  devided  into  three 
types.  The  first  type  of  structure  is  one  which 
shows  a  coarsening  effect  of  the  original  over¬ 
heated  structure  because  it  had  been  over-heated 
for  a  second  time  at  high  temperature  by  the  se¬ 
cond  weld  run  (Photo  7).  The  second  type 
structure  is  of  equiaxial  fine  grained  ferrite 
and  scattered  sorbite  (Photo  8)  produced  by  a  mo¬ 
derately  high  temperature  in  the  second  weld  run. 
In  the  third  type  of  structure , the  original  gra¬ 
nular  bainite  has  dissolved  by  a  lowly  high  tem¬ 
perature  and  the  tempered  martensite,  acicular 
ferrite  and  the  small  amount  of  sorbite  are  all 
remained  (Photo  9),  Therefore  the  second  and 
third  types  of  structure  exhibit  higher  tough¬ 
ness  and  lower  hardness  than  the  first  one.  The 
mic post ructure  of  the  second  heated  zone  in  over 
heated  region  in  HAZ  varies  wildly  with  changes 
in  in-put  energy  and  cooling  rate.  But  general¬ 
ly  speaking,  toughness  of  the  second  heated 
structure  is  higher  chan  the  primary  one  at  the 
hardness  of  the  former  is  lower  than  that  of  the 
latter.  Thus  in  general,  the  impact  energy  of 
over-heated  zone  in  HAZ  of  a  real  joint  involving 
the  primary  and  the  second  heated  structure  is 
higher  than  that  of  the  simulatively  single  hea¬ 
ted  specimen. 

Though  the  values  of  impact  toughness  test 
with  simulatively  heated  specimen  tend  to  be 
lower  than  that  of  the  real  joint,  such  a  rese¬ 
arch  method  is  quite  simple  and  economic  for 
investigating  the  regularity  of  structure  forma¬ 
tion  and  changes  in  properties  of  steel  under  the 
infuence  of  different  heating  cycles. 

4.  The  Influence  of  Heat-treatment  after  Welding 
on  the  Characteristics  of  HAZ 

Many  researchers  at  home  and  abroad  have 
presented  the  tendency  of  reheat  cracking  ini¬ 
tiated  in  HAZ  of  welded  joint  on  HSLA  steel  when 
heat-treatmented  after  welding  (PWHT).  It  is  ge¬ 
nerally  considered  that  the  cracks  would  readly 
be  initiated  by  the  hardening  effect  through  pre¬ 
cipitation  of  carbides  of  alloying  elements 
during  heat-treatment  or  by  stress  relaxing  in 
HAZ  during  the  reheating  process,  namely  by  the 
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creep  embrittlement  as  a  result  of  the  decrease 
in  residual  stress  with  the  change  of  time.t^l 
It  is  a  common  view  that  Nb-B  steel  is  suscep¬ 
tible  Co  reheat  clacking  while  V-N  steel  is  not. 
But  it  has  been  proved  in  practice  that  the  tou¬ 
ghness  of  HAZ  at  welded  joints  on  1 5MnVN  steel 
decreased  in  stress  relieving  after  welding.  A 
series  of  experiments  were  performed  to  investi¬ 
gate  the  level  of  embrittlement  for  the  steel. 
J.L.  Wang  etc  (Northeast  Industrial  College)car- 
ried  out  experiments  using  simulated  heating  me¬ 
thod  to  evaluate  the  tendency  for  1 5MnVN  steel 
to  be  reheat  embrittle.  In  their  experiments, 
coarse  grained  structure  was  first  made  to  appear 
the  HAZ  in  welding  on  the  specimens  by  imitating 
the  heating-cooling  cycle  in  welding  process. 
The  simulated  peak  temperature  was  chosen  100  C 
below  the  maximum  temperature  in  the  HAZ  in  the 
actual  welding  process,  which  means  to  be  heated 
to  1250^0,  A  time  of  20^  for  cooling  from  800*^0 
to  500^0  fAt8/S)  was  selected  as  the  cooling 
rate.  These  heating  parameters  corresponded  to 
welding  in-put  energy  of  24-28  Kj/cm. 

Then  inpact  specimens  were  machined  from  die 
simulatively  heated  specimens  after  being  rehea¬ 
ted  at  five  different  temperatures  of  520  C,  550 
°C,  580°C,  610°C  and  650*^C.  The  results  of  the 
impact  tests  are  shown  in  Fig. 8,  It  is  indicated 
in  Fig. 8  that  the  impact  toughness  at  various 
heating  temperatures  were  close  to  those  of  the 
as  welded  specimens.  Only  one  group  of  tests  at. 
temperature  of  0  C  had  apparently  low  v.ilues  o\ 
toughness.  The  results  of  impact  tests  pertvirmed 
by  S , H ,  Hou[ ^0 ]  on  HAZ  of  the  actual  welded 
joints  specimens  which  had  been  undergone  ro-lioa- 
ting  at  the  same  temperature  did  demonstrate  the 
existance  of  an  embrittlement  temperature  r.ingc. 
After  annealing  treatment  of  the  actual  welded 
joints  at  different  temperatures,  the  impact  tou¬ 
ghness  of  HAZ  decreased  slightly  with  the  in¬ 
crease  of  annealing  temperature  from  520  C,  but 
the  magnitude  of  decrease  was  small  (shown  in 
Fig. 9).  The  regularity  seen  in  the  vickers  hard¬ 
ness  test  was  consistent  to  that  of  tlie  imp.ict 
tests,  that  is.  the  hardness  after  anne.iling  w,ts 
higher  than  as  welded.  in  spite  of  this,  t ho 
results  of  tensile  and  bend  tests  showed  that 
the  tensile  strength  of  the  joints  was  only  4-10 
MPiJ  lower  than  that  of  the  as  welded  one  and  t  lie 
results  of  bend  test  were  all  acceptable. 

The  single  heated  microstructure  examination 
of  HAZ  in  real  welded  joints  shows  that  after 
stress  relief  annealing  at  embrittlement,  tempera¬ 
ture,  the  M-A  islands  in  granular  bainife  had 
been  dissociated  into  ferrite  and  cement ite, 
while  the  acicular  ferrite  and  side  plaielike 
ferrite  remained  in  their  original  appearance. 
Generally  speaking,  the  toughness  of  such  struc¬ 
ture  should  be  improved.  So  only  dissociation 
of  granular  bainite  and  separation  of  cemencit<‘ 
are  not  enough  for  being  explained  as  the  reason 
for  the  reheat  (.'mb  r  i  1 1  lement  .  Neither  the  mcch<i- 
nism  of  c  roep- re  1  ax  i  ng  wliich  is  currently  thought 
ns  a  result  of  hardening  through  precipitation  of 
carbon-nitrides  in  i  lu.*  over  heatetl  zone  during 
annealing  followed  by  intergranular  sliding,  nor 


the  theory  of  initiation  of  embrittlement  along 
grain  boundaries  due  to  re-precipitation  of  tra¬ 
ce  impuritv  elements,  has  now  been  made  Lieat 
enough  to  serve  as  a  main  cause  of  re-heating 
embrittlement  for  1 5MnVN  steel.  All  still  need 
to  be  investigated  in  more  details. 

5 .  Cone  fusions 

From  above  mentioned  results  of  the  rests 
by  the  authors,  conclusions  can  be  made  is  fol¬ 
lows  : 

6.1.  The  properties  of  I 5MnVN  steel  were 

apparently  decreased  after  cold  forming  process. 
The  (Tg  of  the  specimen  with  a  deformation  rate 
of  l.57o,  was  reduced  by  2751.  The  impact  tough¬ 
ness  at  room  temperature  decreased  by  217.  and 
15.87<,  respectively  when  tensile  and  compressive 
deformation  rate  was  about  The  non-ductili¬ 

ty  transition  temperature  (NI)T)  of  plate  in  thi¬ 
ckness  of  36mm  with  .i  deformation  rate  of  1".  was 
increased  from  -30  in  the  original  stale  to 
-25°C. 

These  changes  in  mechanical  properties  are 
significant  and  the  corresponding  deformation 
races  arc  within  the  range  ?f  'he  measured  va¬ 
lues  of  rhe  deformation  rates  on  the  spliere  shell, 
still  these  can  satisfy  the  requirements  of  app¬ 
lication.  H  the  forming  process  is  further  im¬ 
proved  to  have  the  deformation  rates  distributed, 
more  evenly,  tin’s  will  facilitate  raising  the 
safety  in  service. 

6.2.  Because  of  the  high  Oeq  of  1 5MnVN  steel, 
the  resistance  to  cracking  in  welding  was  poor, 
the  hardness  value  (Hv)  of  HAZ  maximum  hardness 
tests  was  higher  fli.in  350.  The  Y-groove  I'es- 
rrarnt  cracking  tests  in  room  temperature  showed 
a  cracking  rate  of  1007.  Therefore  it  is  neces¬ 
sary  to  use  high  preheat  temperature,  say,  150- 
2000  adopt  suitable  welding  process  with  welding 
matori.ils  as  appropriate,  then  the  cold  cinu-ks 
in  welding  can  be  avoided. 

6.3.  The  impact  toughness  of  over-heat  zone 
in  (lAZ  of  1  5MnVN  steel  was  low.  Not  on  1  v  in  si¬ 
mulatively  heatec.!  specimens,  bv(  als(^  in  re<il 
welding  Joints,  the  toughness  was  all  decroasod 
with  tlic  cha.'.^c  of  <'\t8/5  wi’I'.in  a  coitviin 

Tile  separation  of  upper  bainite,  granular  bainite 
and  the  separation  and  coarsening  ot  the  ne’.  tv 
prior  ouLectoid  feri-ite  in  the  m  i  c  ros  i  rue  m  ta- 
can  be  ex{)lfUn  <is  the  ri'ason  for  embr  i  t  t.  1  enunU  . 
With  an  in-put  energy  set  at  ,i  suitablv  small 
amount  an^I  a  cooling  speed  properly  con'  rolled, 
the  imp.acl.  toughness  that  conforms  to  the  appli- 
c<U  ion  requirement  can  be  obtained.  The  submer¬ 
ged  arc  welding  having  a  great  in-put  energv 
would  lower  the  toughness  in  over-heat  zone  ol 
HAZ,  Tin's  is  a  problem  for  1  5MnVN  steel,  wliiih 
m.iy  be  solved  by  better  design  of  composit  ion. 

6.4.  The  over  heated  zone  in  HAZ.  ot  re.il 
welded  joint  ot  t  lie  1  5MnVN  steel  showed  a  ten- 
cy  to  emh  r  i  t  t  lement  witliin  a  certain  tange  ot 
temperature  when  he.n  treated  after  welding.  The 
embrittlement  (r.insilion  temperaturt'  <il  i  tu'  ev-i 
luM  t  I'd  zone  was  raised  !>  V  I  ‘  •  ( :  c  ompa  r  e  d  with 
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that  in  tiio  as  wo  I  sLal.o.  linibr  i  L  L  1  omonc  can 
bo  avoided  by  proper  solocLion  oi  a  I  oiiiporaturc 
for  hear  troaLmoiif. 


lo  sum  up,  (.ho  1  5MnVdd  s  t  o  o  i  ,  wiien  used  in 
the  nianufart- ure  ol  pressure  vessel  for  sLoriiig 
gas,  IS  entirelly  acceptable  in  such  ,aspect.s  as 
the  properties  ,i  f  1  e  r  manufacture.  weldability 
and  so  on.  The  vessel  can  be  used  at  the  Com- 
perature  of  -AO  (J .  Nowadays  the  1  5MnVN  steel 
has  widely  been  used  in  the  manufacture  of  sphe¬ 
rical  pressure  vessel  for  storing  gas  in  many 
companies  such  as  Ben.xi,  Maansh.in,  and  Baoshan 
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Photo  2  At8/5=l2.5s 


Phot  o  3  A  t8/ 5  =  40s 


Photos  1-3  Single  heated  mi c ros t r uc t u re  of 
coarse  grained  zone  in  HAZ  on 
simulated  heatingC^J 
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Table  1.  Chemical  Composition  of  l5MnVN  Steel 


Chemical  Composition 


0.12-0.23  0.20-0.60  1.30-1.70 


0.018  0.003  0. 


1.61  I  0.017  0.032  0.19 
1  .43  0.018  0.009  0.14 

I  4  ’i 

Table  2.  Mechanical  Properties  ot  1 5MnVN  Steel'- 
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Table  3.  Ihe  Sonsicivity  Test  iiig  lor  Cold  Cracking  in  Welding  of  1 5MnVN 

No.  Electrode  [  11  )  Input  energy  £^tS/5  HvlO  Cracking  rate  [Tj-r 

(ml/lOOg)  (KJ/cm)  (s)  (°C)  (7J  (MPa) 

_ _ _ Surface  Section 

‘  Hydrogen  ^  10°  200.9 


:^t8/5 

(s) 

tT 

(°C) 

HvlO 

Cracking 

(7.) 

*  *  iV 

;  rate 

1 

Surface 

Sect  ion 

5 

20 

468 

100 

100 

6.5 

100 

399 

84 

94 

7.3 

1  50 

394 

0 

26 

8 

175 

382 

0 

0 

5 

20 

6.5 

100 

7.8 

150 

---  . .  ^  ,,  V..  WC13  mtieibuieu  uy  glycerine 

method.  The  electrode  was  baked  at  400°C  for  1  h. 

-.v-v  Preheat  temperature. 

■•’•■'■•V  Y-groove  cr;icl(ing  restraint  test. 

T6e  critical  stress  of  inplant  test. 

The  plate  thickness  of  36  mm  w.as  used. 

The  chemical  composition  ot  steel  is  as  follows:  C-0.197,,  Mn-1  .377,,  Si-0.367,, 
P-0. 01 87.,  V-0.227.,  N-O.on?.  and  S-0.0267.. 
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Fig. 4  The  iiitluence  of  strain  aging  on  impact 
thoughtless  of  the  sainpleL^] 

-  Strain  under  tension; 

-  Strain  under  compression. 
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Fig. 9  Kel.-fion  between  Ji  lC/j  and  i.-npacc  tough¬ 
ness  in  simulated  licating  tests.l^i 
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Fig.  5  The  ini'lucncc  ol  tensile  and  compressive^ 
deformation  on  Hardness  of  the  samplcl ' J 
-  Not  Aged:  —  Aged 
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Fig. 7  Sketcii  of  inpl.int  test 


Fig. 10  Relation  between  18/ 5  and|.impacc  tough 
ness  in  simulated  heating. I  ^ 
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Fig. 11  Relation  between  At8/5  and  impact  tough¬ 
ness  of  over-heated  zone  in  real  joints^^J 
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Fig. 8  Specimon  for  Y-groove  restrained 
c  racking  lest. 


Fig. 12  Relation  between  At8/5  and  brittleness  tran 
sformation  temperature  of  over-heated  zone 
in  HZ A  of  real  joints 


HIGH  STRENGTH  STEELS  IN 
AUTOMOBILES— PAST  DIFFICULTIES 
TO  FUTURE  CHALLENGE 


R.  G.  Davies 

Ford  Motor  Company 
Dearborn.  Michigan  48121-2053  USA 


Weight  reduction  through  the  use  of  high  strength 
steels  (1!SS)  is  a  cost  effective  way  to  reduce 
fuel  consumption.  This  paper  briefly  reviews 
the  three  basic  types  of  KSS-convent iona 1  igraln 
size,  precipitate  strngthened,  recovery  ar.ne.iled/ 
martensitic  and  duel-phase.  The  major  problems 
encountered  in  their  application  to  stamped 
automotive  components  have  been  associated  with 
reduced  ductility  (lower  forming  limit  curves  .md 
higher  edge  cracking  tendency),  shape  control 
(springback  and  side-wall  curl)  and  spot  welding 
difficulties.  These  problems  have  been  exacer¬ 
bated  by  the  use  of  coatings  (zinc/zlnc  alloy) 
for  corrosion  protection.  The  advent  of  the 
"world-wide"  automobile  company  makes  it  diffi¬ 
cult  to  predict  what  the  future  holds  for  IISS; 
depending  on  the  country  of  origin  there  may  lie 
less  use  of  and/or  different  types  of  1I5S.  What¬ 
ever  the  mix  of  steels  in  the  car  there  will  he 
an  increased  need  for  consistent  steels;  con¬ 
sistent  in  mechanical  properties,  thickness 
and  coating  weights. 

It  is  just  over  10  years  ago  that  tliere  was  the 
first  extensive  u-if  of  cold-rolled  gage  high 
strengtli  steels  (i..;.s)  in  .latomobi  les.  This 
usage  was  in  response  to  the  gasoline  shortage 
and  the  sulisequent  government  fuel  economy 
regulations.  Fuel  consumption  as  shown  in  Fig. 

1  decreases  with  decreasing  weight  of  the  vehi¬ 
cle;  improvements  in  engines  and  other  power 
train  components  move  the  curve  downward  but  do 
not  negate  the  influence  of  weight  reduction. 

Over  the  last  10  years  the  average  welhgt  of  a 
U.S.  automobile  has  been  reduced  by  about  360 
kg  (800  lbs),  mainly  as  a  result  of  vehicle  down¬ 
sizing  and  more  efficient  packaging  but  with  im¬ 
portant  contributions  from  tlie  use  of  lightweight 
materials  such  as  HSS,  plastics  and  cast  a  liim- 
Inum. 


500  1000  1500  2000 

INERTI4  TEST  WEIGHT,  Kg 


Fig.  I  Fuel  consumption  as  a  function  of 
vehicle  Inertia  weight 

I'he  intent  of  this  paper  is  to  review  what  has 
been  learned  about  the  properties  of  HS.5  and  the 
difficulties  encountered  in  their  application  to 
automobiles.  An  attempted  will  then  be  made  to 
predict  wliat  the  future  holds  for  the  usage  of 
these  materials  in  the  light  oi  a  rapidly 
changing  automobile  Industry. 

TYPF''  OF  lISS 

For  the  purpose  of  this  paper  llSS  will  he 
defined  as  steels  whose  yield  strengths  are  In 
excess  of  25  MPa  (iO  ksi)  and  thus  tensile 
strengths  greater  than  360  MPa  (52  ksi).  As  a 
comparison,  the  yield  strength  of  cold-rollcd 
low-oarbon  steel  Is  usually  in  the  range  165  to 
234  MPa  (24  to  34  ksi). 

HSS  can  be  divided  into  three  b.asic  groups 
depending  on  the  types  of  strengthening  mechan- 
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isms  employed.  The  three  groups  of  steels  are 
often  referred  to  as:  1.  recovery  annealed/ 
mar tens i t ic“these  are  strengthened  by  the 
presence  of  dislocation  substructures,  2.  dual¬ 
phase  steels  whose  strength  depends  upon  the 
percentage  of  martensite  in  the  structured)  and 
3.  conventional  HSS.  The  relationship  of  these 
steels  to  one  another  can  best  be  visualized  by 
plotting  the  tensile  strength  as  a  function  of 
total  elongation  as  shown  In  Fig. 2(2);  tensile 
strength  is  chosen  as  it  a  good  measure  of 
fatigueO)  and  crush  resistanceiA ,  5)  while  total 
elongation  is  a  reasonable  indication  of 
formabil ity. 
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Fil-  Tn-isile  strength  versus  total 
elongation  for  the  three  basic 
types  of  hSS .  ( 2  ) 

The  conventional  IISS  utiliz  one  or  more  of 
tile  I  ol  lowing  basic  st  rengtlicn  i  ng  tneclian  i  sms  : 
solid  solution  strengthening  by  P,  Si  or  Mn, 

.iiMin  refinement  and  precipitation  hardening 
hv  N'h,  V  or  T1  carbides  or  rarbo-n  i  t  r  ides  (6-8). 
Fig.  3  shows  the  contributions  to  the  yield 
strength  of  these  mechanisms  for  a  typical  hot- 
rolled  HSS  containing  approximately  1 ’i  Mn ,  0.51' 

Si  and  various  amounts  of  Nb  and  Vh  It  can  be 
seen  that  Nb ,  through  Its  grain  refining  action, 
i^.  t  lie  most  efficient  microalloying  clement  (6). 

In  Cl.  Id-rol  led  gage  HSS,  which  have  been  .annealed 
it  h'.f)-70()'’f:,  most  of  the  strengthening  is  from 
tile  grain  size  reduction  and  solid  solution 
elements;  the  art  of  annealing  ha.s  loarsened 
t  lie  precipitates  so  that  they  contribute  little 
to  tile  strengtii.  The  majority  of  conventional 
IISS,  both  hot  and  cold-rolled  gages,  rely  upon 
Mb  alone  or  .a  mixture  of  Nh  and  V  as  their  micro- 
alloy  strengthening  element.  Ti  has  not  been 
widely  used  for  strengthening,  even  though  its 
larhide  is  the  most  .stable,  because  the  raechnlcal 
(iropi’rt  ies  liave  been  very  Inconsistent  esnecl.ally 
In  tile  cold-rolled  gages. 
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I'ig.  Vat  iation  in  yield  .strength  with  grain 
size  and  Nli  and  V  content,  for  a  typical  hot- 
rolled  HS.S  cont.iining  approx.  l/.^In  and 
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PAST  FXPFRIENCF. 

The  10  years  have  been  a  time  of  learning 

for  both  t  le  users  and  the  producers  of  HSS 
(particularly  the  cold-rolled  gages).  The  users- 
iii  this  case  the  automobile  Indu.st  ry-have  had  to 
learn  how  to  design  and  produce  components  in  a 
material  with  lower  ductility  than  low  carbon 
steel;  forming  problems  are  discussed  below. 

The  steel  industry  has  made  tremendous  progress 
in  its  ability  to  produce  IISS  with  constant 
properties  from  coll  to  coll  .and  from  beginning 
to  end  of  a  given  coil.  Two  steel  companies 
liave  insta-led  continuous  annealing  lines  which 
are  ideal  for  producing  high  wuality  HSS.  The 
lack  ot  consistency  of  the  properties  of  HS.S 
liind-Ted  the  application  of  these  steels  and,  to 
a  certain  extent,  .still  does  to  this  day.  There 
are  still  people  around  Llie  industry  who  remember 
"when  we  had  a  950  steel  with  a  75  ksi  yield”; 
the  steel  producers  must  continue  their  education 
program  to  show  the  progress  that  they  have  made 
In  all  facets  ot  steel  making. 

The  i! I f f iculai tc  encountered  in  the  production 
of  HSS  components  are  briefly  reviewed  in  the 
following  sections. 
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The  hole  expansion  data  for  the  high  alloy 
dual-phase  steel  ( 1 . 5%Mn-0. 6%Si ) ,  which  has 
rare-earth  additions  (DP-90-2),  is  considerably 
less  than  for  a  conventional  HSS  of  comparable 
tensile  strength.  This  ease  of  edge  cracking  is 
thought  to  be  due  to  the  brittle  nature  of  the 
high  carbon  martensite  Islands  in  this  structure. 
However,  the  lean  alloy  dual-phase  steel  (0.6% 

Mn,  DF-90-1)  which  i ontalns  tempered  martensite, 
behaves  similarly  to  the  conventional  HSS. 

In  stamping  plants  it  is  not  unusual  to  find 
that  certain  regions  of  the  sheared  edge  of  a 
few  HSS  components  are  being  flame  annealed  prior 
to  edge  stretching.  The  annealing  improves  the 
"nuallty"  of  the  edge  by  removing  the  cold-work 
put  in  by  the  action  of  the  shear.  Such  an 
annealing  step  Is  both  time  consuming  and  expen¬ 
sive  but  often  it  is  the  only  way  a  part  can  be 
made.  Edge  cracking  is  still  a  serious  problem 
in  the  plant. 

c.  SPRINCBACK  -  Sprlngback,  which  is  the  diff¬ 
erence  in  configuration  of  the  component  between 
when  it  is  in  the  die  and  when  it  is  taken  out, 

Is  a  problem  with  all  materials.  For  a  simple 
bend  operation  like  forming  a  bracket  or  a  U- 
channel,  it  is  found  that  sprlngback  is  a  func¬ 
tion  of  die-gap,  bend  radius  and  material  thick¬ 
ness  and  strengthd  3) .  For  constant  die  condi¬ 
tions  the  sprlngback  is,  as  shown  In  Fig.  6, 
proportional  to  the  yield  strength.  Sprlngback 
is  thus  an  intrinsic  property  of  the  material 
and  cannot  be  modified  by  manipulating  the 
metallurgical  structure.  However,  various  die 
techniques  such  as  the  "doubl e-bend"(li , 1 5)  can 
be  used  to  minimize  or  eliminate  sprlngback. 

ksi 
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Fig.  6  Sprlngback  as  a  function  of  flow  stress 
for  varfous  cold-rolled  gage  steels(13) 


As  sprlngback  is  dependant  upon  the  strength 
of  the  material  then  the  consistency  of  the 
strength  becomes  very  important.  Variations  in 
the  strength  from  coil  to  coil  lead  to  varia¬ 
tions  in  sprlngback  which  Influences  part  fit- 
up  and  quality.  Since  sprlngback  can  often  be 
compensated  for  in  the  dies,  consistent 
mechanical  properties  are  often  more  important 
in  determining  quality  parts  than  the  absolute 
magnitude  of  the  properties. 

d.  SIDE-WALL  CURL  -  When  a  hat  shaped  section 
is  formed  by  a  punch  pulling  the  steel  over  a 
radius  into  a  die  cavity  it  is  seen  that,  in 
addition  to  sprlngback,  the  side-walls  are 
curved;  this  is  referred  to  as  side-wall  curl. 
"Curl"  increases  with  increasing  tensile 
strength  and  decreasing  thickness  of  the 
material  (see  Fig.  7)  and  is  in  general  mini¬ 
mized  by  a  large  die  radius  (16,17).  The 
majority  of  hat-section  and  similar  structural 
components  were  traditionally  made  of  low-car¬ 
bon  steel  of  about  1.6mm  thick  and  curl  was  not 
a  problem.  However,  with  the  substitution  of 
thinner  gage  HSS,  such  components  now  exhibit 
"curl"  which  leads  to  assembly  difficulties. 
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Fig.  7  Plot  of  material  thickness  versus 
tensile  strength  showing  the  region  where 
"curl"  can  be  expected . (1 6) 

Side-wall  curl  Is  consequence  of  the  non- 
uniform  distiuUtion  of  residual  stresses  through 
the  thickness  of  the  sheet  caused  by  the  action 
of  pulling  over  a  radius.  Since  plastic 
deformation  can  eliminate  residual  stresses, 
then  the  stretching  of  the  side-wall  as  a 
final  forming  stemp  will  remove  the  "curl". 
Indeed  it  is  found (16)  that,  independent  of 
material  and  the  Initial  valur  of  "curl",  a  1% 
plastic  strain  removes  the  "curl".  This 
method  of  oart  shape  control  is  often  used  in 
the  stamping  plant  where  hat-shaped  sections 
are  made  in  multi-stage  presses. 
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e.  SPOT  WELDING  -  In  addition  to  the  above  men¬ 
tioned  forming  problems,  the  use  of  HSS  leads  to 
spot  welding  difficulties;  spot  welding  is  the 
major  mode  of  assembly  of  sheet  metal  components 
in  the  automobile  industry.  HSS  result  in  a 
change  in  the  magnitude  of  the  current  and  the 
current  range,  when  compared  to  low-carbon 
steels.  Each  steel  producer /steel  mill  obtains 
a  given  set  of  mechanical  properties  by  alloying 
additions  that  are  best  suited  to  their  specific 
situation.  As  different  elements  change  the 
welding  current  by  differing  amounts,  then 
materials  Interchangablllty  from  spot  welding 
considerations  is  difficult. 

f.  GALVANIZED  STEEL  -  There  has  been  a  large 
increase  over  the  last  six  or  seven  years  in  the 
number  of  components  that  are  zinc  or  zinc  alloy 
coated.  It  is  anticipated  that  in  three  ot  five 
years  time  all  components  will  he  galvanized, 
independent  of  whether  they  are  made  of  low- 
carbon  or  HSS.  The  presence  of  the  zinc  or  zinc 
alloy  coating  results  in  a  whole  new  set  of 
forming  problems. 

The  formabillty  of  galvanized  steel  depends 
on  the  properties  both  of  the  substrate  and  the 
coating.  During  the  hot-dipping  process  the 
formabillty  of  the  substrate  material  may  be 
degraded;  the  electrogalvaniz ing  process  does 
not  change,  in  any  real  way,  the  properties  of 
the  substrate.  However,  independent  of  the  sub¬ 
strate,  the  coating  does  reduce  the  formabillty. 
The  pure  zinc  coatings  tend  to  gall  more  than 
the  alloy  coatings  and  yet,  being  softer  and 
more  ductile  they  do  not  crack  and  flake  off  as 
readily  as  the  alloy  coatings.  The  flaking 
and  spalling  is  most  severe  under  forming  condi¬ 
tions  that  Involve  compressive  stresses  in  the 
plane  of  the  sheet.  In  addition,  each  coating 
will  react  with  and  hold  lubricants  differently; 
this  is  true  even  for  one  type  of  coating,  for 
example,  electogalvanized  steels  made  on  lines 
with  different  cell  geometries  will  have 
distinctly  different  surface  characteristics. 

The  surface  topography  Influences  both  friction 
(galling  tendency)  and  lubrication  through  its 
ability  to  retain  oil. 

In  prototype  development  many  new  and  diffi¬ 
cult  to  form  parts  are  Initially  formed  on  zinc- 
based  soft  tooling.  This  tooling  reacts  much 
differently  with  the  galvanized  steel  than  does 
the  production  hardened  steel  tooling.  Thus  a 
part  may  form  readily  in  the  soft  tooling  but 
present  many  problems  in  production. 

The  spot  welding  of  galvanized  steel  has  been 
a  serious  problem  in  the  assembly  plants;  there 
is  a  drastic  reduction  in  welding  tip  life.  The 
material  factors  that  Infltience  weldability  are 
type  of  coating  and  its  thickness.  Each  of  the 
coatings  has  different  surface  roughnesses, 
electrical  resistance,  thermal  conductivities  and 
melting  temperatures;  these  factors  will  alter 
the  heat  balance,  and  therefore  the  quality  of 
the  weld  and  the  electrode  life.  The  hot-dipped 
galvanized  steels  are  the  most  difficult  to  weld 


while  the  alloyed  coatings  present  the  least 
problems.  The  thinner  the  coating,  for  a  given 
coating  type,  the  longer  is  the  electrode  life. 
Thus,  electrodeposlted  zinc,  which  tends  to  be 
thinner  and  more  uniform  than  hot-dipped  zinc, 
leads  to  less  severe  electrode  tip  degradation. 

THE  PRESENT 

From  the  above  it  can  be  seen  that  there  are 
many  obstacles  and  difficulties  associated  with 
the  downgaging  of  automotive  components  with 
HSS,  and  that  the  increased  usage  of  zinc/ 
zinc  alloy  coatings  is  compounding  these 
problems.  In  spite  of  these  problems  the 
average,  the  average  1988  automobile  contains 
approximately  100-134  kg  (235-300  lbs.)  of  HSS; 
this  represents  about  8-10%  of  the  dry  weight 
of  the  vehicle. 

The  vast  majority  of  the  HSS  used  are  of  the 
950  grade  with  a  yield  strength  of  345  Mpa  (50 
ksi);  these  are  conventional  type  HSS  which 
rely  on  grain  size  control  for  most  of  their 
strength.  Contrary  to  what  was  pred icted ( 1 8) 
6-10  years  ago;  there  is  very  little  use  made 
of  the  more  ductile  dual-phase  steels  even 
though  there  are  now  two  high  capacity  continu¬ 
ous  annealing  lines  in  operation.  There  are  at 
least  tow  reasons  for  the  lack  of  interest  in 
the  dual-chase  steels:  1).  historical-there 
is  a  great  reluctance,  to  change  materials  es¬ 
pecially  when  forming  difficulties  have  been 
overcome  and  the  components  are  performing  well, 
and  2).  the  issue  of  repairabi 1 ity  of  damaged 
components.  Vehicles  that  have  been  damaged  in 
an  accident  are  often  repaired  by  heating  the 
component,  or  structure,  with  a  blow-torch  to 
red  heat  and  then  beating  back  into  shape, 
r.epairability  was  evaluated  by  heating  specimen.s 
to  550-700C  for  2-5  mins.;  it  was  found  that 
conventional  HSS  retained  their  mechanical 
properties  while  both  the  water  quenched  low- 
alloy  dual-phase  steels,  and  the  recovery 
annealed/martensitic  steels  exhibited  serious 
degradation.  Thus  when  a  component  may  be  re¬ 
paired,  instead  of  replaced,  following  an 
accident,  care  must  be  exercised  in  selecting 
the  proper  HSS. 

The  US  steel  Industry  has  made  great  strides 
over  the  last  ten  years  in  producing  more  con¬ 
sistent  HSS  steels  both  by  the  addition  of  new 
equipment-con"- inuous  annealing  lines-and  by  up¬ 
grading  of  the  controls  of  the  batch  annealing 
furnaces.  In  addition,  the  ladle  metallurgy 
stations  now  coming  into  greater  use  will  allow 
the  production  of  lower  sulfur,  cleaner  steels 
with  greater  edge  cracking  resistance.  Bake- 
hardenable  steels,  with  improved  dent  resis- 
tance(19),  are  also  now  available  and  are  find¬ 
ing  use  in  such  components  as  hoods. 

Over  the  last  10  years  the  automobile  indus¬ 
try  has  met  the  government  mandated  fuel  econo¬ 
my  standards  through  a  combination  of  processes- 
downsizing,  aerodynamic  styling,  increased 
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englne/transmlssion  efficiencies  and  the  use  of 
lightweight  materials  (A1  castings,  plastics  and 
thinner  gage  HSS) .  Fuel  economy  is  still  im¬ 
portant  but  there  is  not  the  "pressure"  on  the 
industry  that  the  fuel  crises  of  the  1970's 
produced . 

THE  FUTURE  AND  HSS 

a.  STEEL  INDUSTRY  -  It  is  anticipated  that 
there  will  be  further  improvements  in  the  pro¬ 
duction  of  steels  with  tighter  controls  of  both 
mechanical  properties,  gage  and  coating  weight 
of  hot  dipped  galvanized  steels.  Gage  control 
is  very  important  for  the  Influence  it  has  upon 
the  binder  restraining  force  in  the  stamp- 
ing(20);  if  the  material  is  too  thich  then  the 
restraining  force  Increases  and  this  can  lead  to 
splits  in  the  stamping. 

From  the  ladle  metallurgy/vacuum  degassing 
stations  there  will  be  very  low  carbon  steels 
(  0.02%C)  with  Improved  formabillty  which  will 
aid  in  parts  Integration.  Such  steels  can  be 
strengthened  with  solid  solution  elements  as  P 
and  Si  to  give  highly  formable,  higher  strength 
materials.  If  the  problems  of  "surface  quality" 
can  be  overcome,  then  P  containing  steels  could 
find  extensive  use  for  outer-body  panels.  In 
addition,  good  carbon  control  will  lead  to 
better  bake-hardenable  steels. 

b.  AUTOMOBILE  INDUSTRY  -  The  nature  of  the  US 
-utomobile  industry  has  been  changing  over  the 
last  6-8  years;  there  has  been  a  large  reduction 
in  production  capacity,  as  Imports  now  have 
about  a  30%  share  of  the  market,  and  a  concen¬ 
trated  effort  to  improve  quality  and  produc¬ 
tivity.  Increasing  productivity  will  have 

both  a  positive  and  a  negative  impact  on  the 
use  of  HSS.  The  trend  to  more  integration  of 
components  into  a  single  stamping  will  require 
more  formable  steels,  and  thus  mitigate  against 
the  use  of  HSS.  Of  course,  the  other  alterna¬ 
tive  for  component  integration,  composites, 
leads  to  a  total  loss  of  the  business  for  the 
steel  industry. 

There  is  a  trend  in  the  automobile  Industry 
to  produce  high  performance  derivatives  of  cer¬ 
tain  car  lines  to  satisfy  a  certain  segment  of 
the  market.  These  vehicles  have,  in  general, 
a  higher  loading  upon  suspension  components  and 
it  is  found  that  HSS  are  required  to  minimize 
the  weight.  Such  a  suspension  system  may  con¬ 
tain  approximately  75  kg  (170  lbs)  of  HSS;  most 
of  this  represents  Increased  usage  of  HSS.  In 
addition,  with  the  decreasing  cost  and  in¬ 
creasing  speed  of  computers,  the  FEA  (finite 
element  analysis)  of  more  complex  components 
becomes  feasible.  To  do  a  FEA  the  engineer 
needs  to  know  the  minimu  properties  of  the 
material.  HRLC  (hot-rolled  low-carbon)  steel 
is  a  rather  variable  material  and  therefore 
there  is  a  trend  for  the  design  engineer  to 
specify  a  lower  strength  HSS  (yield  strength 
300  MPa  (43  ksl)).  This  material  has  adequate 


formabillty  with  controlled  mechanical 
properties. 

The  major  change  that  is  taking  place  in 
the  automobile  Industry  is  the  designing  of  a 
vehicle  for  world-wide  production.  For  ex¬ 
ample,  small  cars  may  be  designed  in  Japan  for 
production  in  both  the  US  and  Europe;  other 
"world"  vehicles  are  being  designed  in  Europe 
and  the  US.  Such  vehicles  are  not  only  being 
engineered  in  these  countries  but  production 
feasibility  is  being  established  as  well. 

Thus  the  home  country  for  a  vehicle  will  be 
responsible  for  specifying  the  materials  to  be 
used  and,  as  is  well  known,  different  philo- 
sohies  as  regards  to  the  usage  of  HSS  and  to 
the  types  of  protective  coatings.  The  US  and 
Japan  both  use  significant  amounts  of  HSS  but 
US  steel  tends  to  be  of  a  higher  yield  strength 
variety;  Europe,  on  the  other  hand,  does  not  use 
large  amounts  of  HSS.  overall  impact  of 

this  change  in  the  wa  ’  busin  may  be 

a  reduction  in  the  an  .  •  ol  use-'  .  auto¬ 

mobiles, 

SUii.-.RY 

It  is  clear  that  the  problems  associated 
with  the  use  of  HSS-spr ingback,  side-wall  curl 
and  reduced  ductility-will  never  go  away  as  they 
are  intrinsic  to  the  material.  However,  process 
modifications  can  be  made  so  as  to  minimize 
these  problems.  Another  factor  that  can  con¬ 
tribute  to  the  successful  application  of  HSS  is 
consistent  material-consistent  in  mechanical 
properties,  thickness  and,  when  used,  coating 
weight.  The  steel  industry  has  to  get  the  word 
out  to  the  engineers  of  the  great  strides  that 
they  have  made  in  the  last  ten  years  in  produc¬ 
ing  consistent  steels. 

With  the  advent  of  the  "world  automobile 
industry"  tne  outlook  tor  nSS  is  not  so  clear; 
some  replacement  car  lines  may  use  less  HSS 
than  at  present  while  others  will  use  different 
types  of  steels.  It  will  be  a  challenge  to  the 
steel  industry  to  tie-in  with  this  new  way  of 
doing  business.  The  last  ten  years  have  seen 
great  changes  in  the  types  of  sheet  steels 
used  in  the  automobile;  the  next  ten  years  will 
probably  produce  similar  changes. 
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ABSTRACT 

High-strength  low-alloy (HSLA)  steels  took  center 
stage  of  the  automotive  materials  scene  in  the 
early  seventies,  when  the  U.  S.  car  industry 
sought  ways  to  simultaneously  improve  automotive 
fuel  economy  and  comply  with  new  federal 
environmental  and  safety  requirements.  Lower 
formability  of  these  steels  compared  with  plain- 
carbon  steels  led  to  the  evolution  of  dual-phase 
steels,  such  as  GU980X,  which  had  far  better 
formability  and  machinability  than  conventional 
high-strength  steels  at  the  same  strength  level. 
Successful  applications  of  GM980X  steel 
followed;  parts  made  with  the  steel  were 
considerably  lighter  and  usually  cost  about  the 
same  as  their  plain-carbon  steel  counterparts, 
even  though  the  material  cost  more.  In 
production  runs  with  HSLA  and  dual-phase  steels, 
valuable  lessons  were  learned  on  steel  quality, 
property  requirements  and  forming  methods. 
However,  the  present  usage  of  high-strength 
steels,  dual-phase  steels  in  particular,  is 
considerably  below  predicted  levels,  but  the 
usage  is  expected  to  grow.  Stamping  plants  are 
now  more  comfortable  in  using  higher-strength 
steels  and  are  trying  new  forming  technologies. 
Steel  companies  are  now  capable  of  producing 
quality  high-strength  steels  with  closely 
controlled  properties. 

THE  PAST 

EMERGENCE  OF  HIGH-STRENGTH  LOW-ALLOY (HSLA) 
STEELS  -  High-strength  sheet  steels  were  drawn 
onto  automotive  center  stage  in  the  early 
seventies,  when  fuel  price  increased  sharply  and 
new  federal  safety  and  emission  laws  were 
enacted.  The  higher  fuel  cost  increased  the 
sale  of  small,  more  fuel-efficient  cars,  and 
forced  car  manufacturers  to  reduce  vehicle 
weight,  whereas  compliance  with  the  new  safety 


and  emission  standards  tended  to  negate  vehicle 
weight  reduction.  The  least  disruptive  solution 
to  meeting  these  diametrically  opposite  trends 
for  vehicle  weight  was  the  substitution  of 
lighter-gage  high-strength  steel  components  for 
plain-carbon  steel  components . 

High-strength  sheet  steel  was  favored  over 
aluminum  and  plastics,  because  it  was  assumed 
that  the  ssuie  dies  and  rules  of  thumb  used  for 
forming  plain-carbon  steels  would  also  be 
applicable  for  making  high-strength  steel  parts. 
Microalloyed  HSLA  steels[l],  which  had  just  been 
introduced,  seemed  the  most  attractive 
substitute  for  plain  carbon  steels.  These 
steels  derived  their  high  strength  from 
thermomechanically  processing  steels  of 
essentially  plain-carbon  steel  to  which  a  few 
hundredths  of  a  percent  of  a  microalloying 
element  such  as  V,  Nb  or  Ti  had  been  added. 
Initially,  only  two  grades  of  steel  were 
produced,  SAE950X,  which  had  typically  a  yield 
strength  of  50  ksi(350  MPa)  and  a  tensile 
strength  of  65  ksi(450  MPa),  and  SAE980X,  with  a 
yield  strength  of  80  ksi(550  MPa)  and  a  tensile 
strength  of  95  ksi(655  MPa).  The  former  was 
preferred  in  Japan,  while  the  U.  S.  automotive 
companies  chose  to  work  more  with  the  higher- 
strength  steel  in  strength-limited  parts.  This 
was  an  exciting  period  for  metallurgists  and 
engineers  alike,  who  had  to  grasp  and  satisfy 
the  fast  changing  needs  of  the  automotive 
industry,  with  no  time  for  systematic 
introduction  of  new  materials  and  processes. 

PRODUCTION  PROBLEMS  WITH  HSLA  STEELS  -  It 
was  realized  very  quickly  in  forming  parts  such 
as  bumpers,  bumper  reinforcements  and  brackets 
that  high-strength  steels  behaved  quite 
differently  from  mild  steels  in  the  stamping 
press.  The  high-strength  steels  had  lower 
formability,  which  made  it  difficult  to  produce 
parts  with  the  same  complexity  and  quality  that 
were  common  with  plain-carbon  steels  without 
altering  the  die  design.  Rules  of  thumb  valid 
for  forming  mild  steel  had  to  be  reexamined. 
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Die  and/or  part  design  changes  were  required, 
which  created  turmoil  and  apprehension  in  the 
automotive  industry. 

The  higher  strength  produced  greater 
elastic  springback  when  HSLA  steels  were  formed. 
The  problem  was  further  compounded  by  variations 
in  the  steels  ’  mechanical  properties  and 
chemical  composition,  which  produced  varying 
amounts  of  springback.  Even  though  the 
magnitude  of  property  variation  relative  to  the 
strength  level  in  high-strength  steels  was  not 
much  different  from  that  for  plain  carbon 
steels,  the  lower  strength  and  greater  ductility 
of  the  latter  steels  rendered  them  more 
forgiving.  Furthermore,  the  HSLA  steels  had  low 
r-values,  did  not  draw  as  easily  as  plain-carbon 
steels,  and  also  developed  large  degrees  of  side 
wall  curl. 

Yet,  several  production  parts  such  as 
brackets  and  bumper  reinforcements  were  made 
with  HSLA  steels [2].  However,  when  the  need  for 
HSLA  steels  was  not  imperative ,  production 
problems  caused  some  users  to  revert  back  to 
mild  steel,  thereby  slowing  down  the 
introduction  of  high-strength  steels. 

These  problems  brought  about  the 
realization  that  tighter  process  control  was 
needed  in  high-strength  steel  manufacture.  This 
led  to  vigorous  implementation  of  modern  steel 
making  practice,  sophisticated  instrumentation 
for  inspection  and  stricter  quality  control 
measures  at  the  U.  S.  steel  mills.  However,  the 
reduced  formability  of  HSLA  steels  remained  an 
issue.  In  order  to  use  high-strength  steels 
successfully  for  automotive  weight  reduction, 
stamping  methods  had  to  be  modified,  part 
complexity  reduced,  or  steel  formability 
improved.  This  provided  adequate  motivation 
which  led  to  the  development  of  dual-phase 
steels  [3] . 

EVOLUTION  OF  DUAL-PHASE  STEELS  -  The 
development  of  dual-phase  steels  was  the  single 
most  significant  achievement  in  sheet  steel 
development  of  the  1970’s.  Originally,  these 
steels  were  developed  to  have  the  same  tensile 
strength  as  the  SAE980X  steels (650  MPa  minimum 
tensile  strength)  but  with  ductility  equal  to  or 
better  than  that  of  the  SAE950X  steels (i.  e., 
about  30  %  total  elongation  in  a  2  in.  gage 
length) .  Uoreover,  to  keep  the  cost  down,  these 
steels  had  basically  the  same  chemical 
composition  as  that  of  plain-carbon  steel . 
Developments  occurred  simultaneoulsy  in  the 
United  States  and  Japan.  Essentially,  three 
different  types  of  dual-phase  steels  evolved. 

GU980X,  which  was  developed  at  General 
Motors  Research  Laboratories,  is  produced  by 
intercritically  annealing  and  slow  cooling  a 
steel  containing  about  0.1  %C,  1.5  /{Un,  and  up 
to  0.1  X  V  as  an  optional  microalloying 
element[3].  Typically,  GM980X  has  a  yield 
strength  of  50  ksi(350  MPa),  no  yield  point 
elongation,  a  high  work  hardening  rate,  n- 
value(work  hardening  exponent)  of  0.25,  and 
tensile  strength  of  90  ksi(650  MPa),  Figure  1. 


Most  importantly,  the  ductility  of  0M980X  was 
far  better  than  that  of  prior  HSLA  steels  with 
similar  tensile  strength.  The  higher  work 
hardening  rate  and  ductility  promised  improved 
formability,  as  was  experienced. 

GM080X  was  also  produced  in  galvanized 
form[4] .  A  modified  hot-dip  galvanizing  cycle 
was  used  not  only  to  galvanize  the  steel  but 
also  to  produce  the  dual-phase  microstructure 
and  mechanical  properties.  The  modification 
consisted  of  a  suitable  combination  of  zinc  pot 
temperature,  sheet  steel  immersion  time  in  the 
pot,  and  cooling  rate.  With  an  ever  increasing 
requirement  of  corrosion  protection,  especially 
for  thinner-gage  steel  parts,  this  simple  and 
elegant  production  method  was  another  plus  for 
the  steel . 


Figure  1.  Schematic  stress-strain  curves  for 
GM980X,  SAE980X,  SAE950X  and  plain-carbon  steels. 


Since  continuous  annealing  lines  were  not 
plentiful  in  the  U.  S. ,  an  alternative  method 
was  found  for  developing  GM980X  type  properties 
in  steels  that  could  be  produced  "as-rolled" 
directly  off  the  hct  rolling  mill  rather  than  by 
continuous  annealing.  The  as-rolled  dual-phase 
steels  were  pioneered  by  Climax  Molybdenum 
Company,  who  therraomechanically  processed  steels 
containing  typically  0.06  C,  0.9  %  Mn,  1.35  5? 
Si,  0.45  R  Cr  and  0.35  R  Mo  in  the  intercritical 
temperature  range  on  the  hot-rolling  mill [5]. 
The  mechanical  properties  of  these  steels  were 
generally  similar  to  those  of  GM980X,  even 
though  GM980X  had  somewhat  greater  total 
elongation  in  tension. 

Development  of  the  third  type  of  dual-phase 
steels  occurred  in  the  United  States  and  Japan, 
but  commercialization  of  the  steels  has  been 
most  active  in  Japan.  This  type  of  dual-phase 
steel  is  produced  by  continuous  annealing  steels 
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with  less  than  0.1/5  C  and  1.0  %  Mn,  quenching 
the  steels,  and  then  tempering  them  to  develop 
the  desired  combination  of  strength  and 
ductility [6] .  All  three  types  of  dual-phase 
steels,  while  possessing  high  tensile  strength, 
exhibited  considerably  greater  ductility  and 
work  hardening  rate  than  traditional  steels  of 
the  same  strength  levels . 

The  microstructure  of  GM980X  steel  consists 
of  about  5  to  10  K  martensite,  10  to  IS  % 
untransformed  austenite,  and  the  balance, 
ferrite  [3].  The  other  two  types  of  dual-phase 
steels  consist  of  about  75  to  80  %  ferrite,  with 
the  balance  being  martensite.  The  former 
microstructure  appears  tc  be  more  conducive  to 
improved  ductility  at  the  same  strength  level. 
This  has  been  attributed,  in  part,  to  the  more 
ductile  ferrite  and  the  untransformed  austenite. 

Several  versions  of  dual-phase  steels,  with 
similar  C,  Mn  and  Si  contents  but  with  varying 
sunounts  of  microalloying  elements  were  produced 
all  over  the  world  to  meet  the  GM980X 
specification.  In  addition  to  substitution  of  V 
with  Nb,  additions  of  Or  or  Mo  were  utilized  to 
produce  dual-phase  steels.  Several  of  these 
steels  were  made  in  production  quantities  and 
used  in  production  automobiles. 

PRODUCTION  USE  OF  DUAL-PHASE  STEELS  - 
Forming  trials  with  dual-phase  steels  were  far 
more  successful  than  with  HSLA  steels  of  the 


Figure  2.  Steering  coupling  reintorcements  made 
with  hot-dip  galvanized  GM980X  dual-phase  steel. 
The  two  individual  and  the  assembled  component 
are  shown. 


same  strength  level.  Almost  80  million  GM980X 
components  have  been  built  into  General  Motors ’ 
production  automobiles  thus  far.  For  example, 
the  steering  coupling  reinforcement  shown  in 
Figure  2  has  been  produced  using  hot-dip 
galvanized  GM980X  steel  since  1975  [7]. 
Previously,  the  part  used  to  be  made  by  forming 
plain  carbon  steel,  carburizing  to  obtain  the 
required  strength  and  durability,  and  then 
plating  for  corrosion  protection.  The  heat 
treatment  and  plating  steps  were  eliminated  when 
GM980X  was  used,  with  accompanying  improvements 
in  productivity  and  part  quality  and  at  lower 
cost.  This  part  is  still  in  production  today. 

Other  GM980X  components  produced  thus  far 
include  bumper  face  bars,  bumper  reinforcements, 
wheel  rims  and  discs,  an  independent  rear 
suspension  control  arm,  an  alternator  fan,  and 
an  overrunning  clutch  hub [8,  9] .  In  addition, 
several  other  parts  were  successfully  developed 
using  GM980X,  although  they  were  not  released 
for  production;  they  include  a  stabilizer  bar,  a 
water  pump  pulley,  an  air  cleaner  plate,  a 
styled  wheel  disc,  a  complete  bumper  jack,  a 
wiper  linkage  mechanism,  a  torque  converter 
housing,  a  door  beam  and  assorted  brackets.  All 
these  components  were  made  on  production  tools 
which  were  designed  for  the  much  lower-strength, 
plain  carbon  steel.  The  consumption  of  GM980X 
dual-phase  steel  in  General  Motors  reached  a 
peak  of  about  20,000  tons  in  one  year. 

In  each  preceeding  application,  weight 
savings  of  25  to  33  %  were  realized  at  no  extra 
cost  over  the  plain  carbon  steel  production 
component.  In  some  instances  there  was  actual 
cost  reduction,  even  though  the  dual-phase  steel 
was  more  expensive  than  plain  carbon  steel. 

Experimenting  with  new  manufacturing 
methods  led  to  a  pleasant  discovery  that,  in 
addition  to  superior  formability,  GM980X  with 
its  unique  microstructure  also  had  superior 
machinability [9] .  The  clutch  hub,  shown  in 
Figure  3,  required  a  high-quality  surface  on  the 
broached  splines.  The  existing  manufacturing 
method  involved  stamping  a  plain-carbon  sheet 
steel  cup  and  finish-machining  the  cup  walls,  on 
which  the  splines  were  broached.  The  surface 
quality  of  the  broached,  plain-carbon  steel 
parts  was  poor,  Figure  3A.  Galling  occurred, 
and  the  broach  life  was  unacceptably  low. 
GM980X  easily  formed  the  cup.  The  steel  work- 
hardened  to  more  than  23  HRC,  enabling  high 
quality  broaching  of  the  splines.  Figure  3B.  In 
addition,  GM980X  produced  small  chips  which  did 
not  adhere  to  the  tool  and  were  far  easier  to 
clean  than  mild  steel  chips.  Most  importantly, 
the  broach  life  increased  twenty-fold. 

LESSONS  LEARNED  -  Much  was  learned  in  these 
production  runs  about  forming  high-strength 
steel.  The  dies  had  to  be  designed  for  the 
unique  characteristics  of  the  steel,  namely, 
high  strength,  high  work  hardening  rate  and  good 
formability.  Forming  loads  were  not  much  higher 
compared  with  plain-carbon  steels  because  of  the 
reduced  steel  thickness.  The  high  work 
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Figure  3.  Photographs  showing  splines  in  the  (A)  SAElOlO  clutch  hub  and  (B)  GM980X  dual 
phase  steel  hub.  Note  the  hurt  and  galling  at  the  root  of  the  spline  in  the  SAElOlO  hub. 


hardening  rate  reflected  good  formability,  but 
because  of  the  low(50  ksi,  or  350  MPa)  yield 
strength,  a  suitable  amount  of  plastic  strain 
was  required  to  develop  higher  strength  in  the 
part.  The  forming  sequence  had  to  be  such  that 
it  would  create  sufficient  strain  in  those  areas 
of  the  formed  part  where  the  part  design  called 
for  a  strength  level  higher  than  50  ksi.  For 
exauiple,  in  components  such  as  bumpers  and 
bumper  reinforcements  which  have  large,  flat  or 
generously  curved  areas,  conventional  forming 
imparts  very  little  strain.  For  higher  strength 
at  these  locations,  the  die  would  have  to  be 
designed  such  that  these  areas  are  strained  at 
least  5  %  during  forming. 

While  the  high  work  hardening  rate  of  dual¬ 
phase  steels  improved  formability,  it  also  had 
an  unwanted  side  effect,  namely,  low  ductility 
of  sheared  edges,  which  sometimes  caused 
microcracks  to  form  at  these  edges,  and  poor 
punched  hole  stretchability [10] .  Proper  setting 
of  shear  gaps,  well  dressed  shear  tools  and,  as 
a  last  resort,  a  shaving  tool  or  reaming  the 
hole,  solved  the  problem. 

Lessons  were  also  learned  on  steel  quality 
requirements.  Many  of  the  same  problems  that 
hindered  the  wide-spread  use  of  HSLA  steels, 
namely,  variations  in  composition  and  mechanical 
properties  also  hampered  implementation  of 
ingot-cast  GM980X  and  as-rolled  dual-phase 
steels.  However,  this  is  not  as  serious  a 
problem  for  the  low-C  low-Mn  dual-phase  steels 
currently  being  produced  in  modern  continuous 
lines. 

The  lack  of  modern  steel  making  and 
processing  technologies  were  partly  responsible 
for  variations  in  dual-phase  steel  properties  in 


the  1970 's  and  early  80’s.  Modern  continuous 
casting  and  ladle  refining  technologies  had  not 
yet  been  not  widely  implemented  in  the  North 
American  steel  industry.  When  ingot  cast,  the 
dual-phase  steel  exhibited  a  considerable  degree 
of  composition  segregation  due  to  its  relatively 
high  manganese  content.  This  added  to  the 
mechanical  property  variations  in  the  finished 
steel.  Cleanliness  of  the  steel  was  also  a 
problem.  Without  ladle  refinement  to  remove 
sulfur  and  other  undesired  elements,  the  steel 
microstructure  would  contain  large  stringers  of 
manganese  sulfide  and  other  inclusions,  which 
contributed  to  reduced  edge  ductility. 

Lessons  were  also  learned  about  the 
preferred  mode  of  interactions  among  all  groups 
involved  in  the  manufacture  of  stamped  parts. 
For  effective  implementation  of  a  new  steel,  a 
new  process,  or  a  new  application,  close 
collaboration  is  needed  among  the  steel 
metallurgist,  the  die  designer,  the  part 
designer,  and  the  manufacturing  engineer.  The 
team  should  cooperatively  identify  the  most 
effective  and  economical  forming  process  and 
undertake  necessary  developmental  work  to  "make 
the  steel  work"  for  the  part.  The  new 

combination  of  steel  and  process  must  be 

implemented  systematically  and  progressively. 
The  steel  supplier  must  persevere  together  with 
the  steel  user,  continuously  providing  technical 
support.  It  is  most  unfortunate  that  such 
collaboration  has  not  always  been  practiced 
effectively.  As  we  all  know,  the  need  for  this 

"early  involvement"  of  supplier  and  user  has 

been  emphasized  publicly  by  concerned  managers 
in  the  automotive  and  steel  industries  in  recent 
years . 


PREDICTIONS  OF  HIGH-STRENGTH  STEEL  USAGE  - 
The  preceeding  production  successes  invoked 
steel  mill  projections  of  up  to  one  million  tons 
of  GU980X  per  year  by  1985,  in  spite  of  the  fact 
that  GU980X  utilization  had  not  been  without 
problems.  As  recently  as  1980,  there  prevailed 
an  expectation  that  dual-phase  steels  would 
account  for  about  half  of  the  sheet  steel 
content  in  the  automobile  body  by  the  end  of  the 
decade [11].  It  was  also  predicted  that  the 
proportion  of  high-strength  steels  would 
increase  by  50  to  15055,  to  135  to  270  kg,  or 
about  30  to  50  55  of  total  sheet  steels  used  in 
an  average  passenger  car  by  1990 [11] .  A  recent 
survey [12]  shows,  however,  that  an  average  1988 
model  U.  S.  passenger  car  contained  a  total  of 
about  755  kg  of  sheet  steel,  only  14  56,  or  105 
kg,  of  which  was  high-strength  steels.  Also, 
there  is  relatively  little  dual-phase  steel 
presently  used  in  the  automotive  industry.  The 
reasons  for  this  are  mostly  non-technical  or  too 
controversial  to  discuss  here. 


THE  PRESENT 

CURRENT  APPLICATIONS  -  As  just  mentioned, 
high-strength  steels  account  for  about  1456  of 
the  body- in-white  of  an  average  1988  year  U.  S. 
passenger  car,  the  most  rapid  growth  in  their 
usage  having  occurred  during  1978-82,  Figure 
4[12] .  It  must  be  noted,  however,  that,  even 
though  the  growth  rate  of  high-strength  steel 
usage  has  slowed  down  since  1982,  continued 
growth  occurred  while  the  weight  of  the  body-in¬ 
white  underwent  a  sizable  reduction.  It  is 
important  to  note  that  this  increase  occurred 
during  a  period  when  gasoline  price  was 
predicted  to  go  up,  but  on  the  contrary,  was 
quite  stable  or  even  went  down. 

Components  currently  being  made  with 
conventional  high-strength  steels  are  mostly 
strength-limited  parts  having  relatively  simple 
geometries,  for  example,  rail-shaped  parts  such 
as  door  beams,  wheels,  bumper  reinforcements, 
and  an  assortments  of  brackets  and  mounts. 
Dual-phase  steel  parts  currently  in  production 
include  steering  coupling  reinforcements,  an 
alternator  fan,  and  a  wheel  spider. 

GM980X  dual-phase  steel  is  currently  being 
used  to  make  steering  coupling  reinforcements  at 
GU  Saginaw  Division  and  alternator  fans  in  GU 
Delco-Remy  Division.  Roughly  five  million 
steering  coupling  reinforcements  are  produced 
annually  using  about  600  tons  of  hot-dip 
galvanized  GU980X  steel.  The  alternator  fan 
application  accounts  for  another  600  tons. 
Dual-phase  steel  wheels  are  produced  in  the  U. 
S.  for  a  Japanese  automotive  company.  The  steel 
is  a  high-alloy,  hot-rolled  type,  imported  from 
Japan.  The  mechanical  properties  of  the  steel 
meet  the  GU980X  specification. 

A  noteworthy  feature  regarding  the  wheel 
spider  application  is  that  the  supplier  of  the 
dual-phase  steel  has  been  able  to  meet  the 
tensile  strength  tolerance  of  +5  ksi,  imposed  by 
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Figure  4.  High-strength  steel  content  in  the 
average  U.  S.  passenger  car  in  the  past 
decade ( 12 )  . 

the  steel  user.  Annual  consumption  of  the  steel 
is  estimated  at  2000  tons.  If  all  steel 
companies  could  produce  high-strength  steels  to 
such  a  tight  mechanical  property  specification, 
the  usage  of  these  steels  would  be  increased 
substantially. 

It  is  expected  that,  with  experience  being 
accumulated  and  advances  being  made  in  forming 
technology,  HSLA  steels  will  find  more 
applications  in  more  complex  shaped  components, 
and  that  dual-phase  steel  usage  will  grow  in 
stiffness-  as  well  as  strength-limited  parts. 
The  increase  in  high-strength  steel  usage  will 
certainly  be  accelerated  further,  should  there 
be  another  oil  crisis  in  the  future. 


DEVELOPMENTS  IN  SHEET  STEEL  PRODUCTION 
TECHNOLOGY  -  The  demand  from  automotive 
companies  for  tighter  control  of  mechanical 
properties  of  high-strength  steels  has  resulted 
in  sweeping  changes  at  U.  S.  steel  producers  in 
their  manufacturing  technologies  and  quality 
control  measures.  For  example,  the  steel 
companies  have  implemented  measures  for 
producing  clean,  ladle-refined  steel.  Now 
commonplace  is  continuous  casting  technology, 
which  has  markedly  improved  steel  composition 
uniformity  and  yield  compared  with  ingot  casting 
technology.  Continuous  annealing  lines  have 
been  installed,  which  enable  a  large  variety  of 
sheet  steel  to  be  produced  with  closely 
controlled  mechanical  properties.  Savings  in 
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energy  and  time  for  heat  treatment  are  also 
significant  advantages  with  the  continuous 
annealing  line  compared  with  the  batch  annealing 
method.  There  are  currently  only  two  major  U. 
S.  steel  companies  which  have  modern  continuous 
annealing  lines,  but  the  number  is  expected  to 
increase.  The  past  decade  has  also  saw 
extensive  use  of  computers  in  steel  mills  to 
control  all  phases  of  steel  production  and  to 
monitor  steel  properties  and  quality. 

Past  problems  arising  from  variability  of 
mechanical  properties  and  gage  thickness  of 
high-strength  steels  have  decreased 
significantly,  as  steel  companies  have 
implemented  measures  for  statistical  process 
control  in  all  phases  of  steel  production.  The 
result  of  such  efforts  can  be  observed  in  the 
recent  reduction  of  gage  tolerance  for  sheet 
steels  imposed  by  the  automotive  companies. 
Until  recently.  General  Uotors  specified  the 
full  AISI  tolerance.  GU  is  currently  imposing  a 
half  tolerance,  but  already  some  suppliers  are 
meeting  quarter  tolerance.  Research  work  at 
General  Motors [13]  has  shown  that  seemingly 
minor  variations  in  forming  parameters  such  as 
steel  sheet  gage  and  blank  size  exert  major 
influences  on  the  quality  of  stamped  components. 
Therefore,  The  reduction  in  gage  tolerance, 
together  with  more  consistent  mechanical 
properties,  will  undoubtedly  contribute  to 
decreased  stamping  reject  rates  and  improved, 
overall  quality  of  stamped  components. 

DEVELOPMENTS  IN  SHEET  STEEL  FORMING 
TECHNOLOGY  -  Increasing  number  of  stamping 
plants  are  now  using  transfer  presses  and 
stretch-draw  operations  to  form  high-strength  as 
well  as  plain-carbon  steels.  Whereas  the  low  r- 
value(drawability)  of  high-strength  steels  has 
often  limited  the  steels’  applications,  the 
stretchability  is  much  less  of  a  problem, 
especially  for  dual-phase  steels.  Frequently, 
however,  there  may  be  a  viable,  alternative 
forming  method  for  these  steels.  Consider  a 
process  in  which  the  initial  step 
bulges (stretches)  the  steel  blank  roughly  to  the 
part  shape,  and  following  steps  introduce  the 
design  part  shape  to  the  bulged  blank  using 
mainly  bending  and  low  amounts  of  stretching, 
drawing  and  compressive  strains.  Forming 
methods  of  such  variation  can  open  new 
possibilities  for  wider  application  of  high- 
strength  steels.  The  stretch-draw  operation 
will  also  markedly  reduce  the  degree  of  elastic 
springback  in  the  final  formed  part  compared 
with  traditional  forming  methods.  Further 
popularity  of  transfer  presses  at  stamping 
plants  is  expected  to  contribute  to  greater 
usage  of  high-strength  steels. 

The  past  decade  has  also  seen  significant 
progress  in  computer  assisted  techniques  for 
analyzing  forming  strains,  designing  and 
optimizing  part  shape  and  forming  method.  GM 
Research  Laboratories  has  developed  a  3- 
dimensional  finite-element  code,  named  GMFORM. 
Although  not  fully  developed,  simplified 


versions  of  the  code  are  already  in  use . 
Another  development  at  GM  worthy  of  mention  is  a 
computer  assisted  routine,  which  simultaneously 
optimizes  the  part  design  and  material [14] . 
Even  though  this  routine  has  been  applied  only 
to  simple,  channel-shaped  components,  extended 
application  to  complex  parts  is  expected  in  the 
near  future. 

STEEL  USER-SUPPLIER  PARTNERSHIP  -  The 
awareness  of  the  need  for  early  involvement  of 
steel  companies  in  production  of  automotive 
components  has  resulted  in  the  creation  of  the 
Auto-Steel  Partnership  Program(ASPP) [15] .  This 
program  stresses  full  cooperation  between  the 
automotive  and  steel  industries  in  order  to 
enable  both  industries  to  remain  efficient  and 
competitive  in  the  world  market.  The  ASPP 
committees  consist  of  representatives  from  major 
U.  S.  automotive  and  steel  companies  who  handle 
a  variety  of  important  issues  such  as  quality 
control  standards  and  corrosion  tests  for 
galvanized  steels.  The  need  for  close 
partnership  between  the  automotive  and  steel 
industries  is  also  being  emphasized  in  Europe 
and  Japan[16,  17]  . 

THE  FUTURE 

In  spite  of  the  rather  slow  inroads  that 
high-strength  steels  have  made  into  the 
automobile  body  during  the  past  two  decades, 
stamping  plants  today  are  far  more  comfortable 
in  using  high-strength  steels  than  at  any  time 
in  history  and  are  more  receptive  to  trying  new 
steels  to  replace  low-strength  steels.  The 
technology  of  producing  parts  with  SAE950  grade 
steels  is  now  fairly  mature,  and  future  efforts 
will  be  directed  largely  toward  using  more 
higher-strength  steels.  Although  current  usage 
of  high-strength  steels  is  mostly  for  strength- 
limited  parts,  usage  of  the  steels  for 
stiffness-limited  parts  is  expected  in  the 
future. 

Predicting  the  future  of  HSLA  sheet  steels 
in  the  automobile  is  quite  difficult  to  do.  The 
amount  of  high-strength  steels  used  in  the 
automobile  body  will  also  depend  on  the  degree 
of  success  of  competing  materials  such  as 
aluminum  and  plastics  in  replacing  steel 
components.  It  appears  reasonable,  however,  to 
say  that  each  material  will  eventually  find  its 
own,  deserving  level  of  use,  and  that  high- 
strength  steels  will  account  for  a  greater 
portion  of  the  automobile  body-in-white  than  the 
present  level.  If  asked  to  make  a  specific 
forecast,  the  authors  make  the  following 
speculation,  realizing  fully  that  the 
dependability  of  such  prediction  is  as  good  as 
that  of  a  Michigan  weather  forecast  on  a  given 
day:  1)  The  usage  of  high-strength  steels  will 
continue  to  grow  for  the  next  ten  years,  albeit 
at  a  slow  rate,  to  20  to  25  %  of  the  body-in¬ 
white  weight.  2)  Dual-phase  steels  will  account 
for  about  one  quarter  of  the  total  weight  of 
high-strength  steels. 
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ABSTRACT 

Bake  hardenable  steel  satisfies  the 
contrary  requirements  of  formablllty  and  dent 
resistance.  It  has  been  commercially  used  since 
early  1980's,  and  now  accounts  for  the  major 
portion  of  the  high  strength  steel  used  for  car 
bod  1 es . 

Bake  hardenabl 1  Ity  Is  closely  related  to 
strain  aging.  A  yield  point  elongation  greater 
than  0.2%  produces  a  forming  defect  of 
stretcher  strain.  From  this  point  of  view  no 
more  than  5  kgf/mm^  (49MPa)  of  bake 
hardenabll Ity  Is  practical.  Reduction  of  gauge 
was  achieved  by  0.05mm  to  0.1mm  for  moderate 
drawing  panels  such  as  hoods  and  doors  by  using 
35kgf/mm^  (343MPa)  bake  hardenable  steel 
together  with  various  Improvements  In  die 
design  and  stamping  technologies.  Bake 
hardenabl 1 Ity  Is  also  effective  for  parts  which 
need  higher  deformation  starting  strength  when 
dynamically  loaded.  So  bake  hardenable  steels 
are  applied  also  to  structural  parts  such  as 
members . 

Bake  hardenable  steels  help  reduce  the 
weight  of  car  bodies. 


INTRODUCTION 

Deterioration  of  panel  stiffness  and  dent 
susceptibility  is  an  obstacle  to  the 
downgauglng.  The  use  of  high  strength  steel 
makes  It  possible  for  dent  resistance  of  the 
panel  to  be  kept  unchanged  even  when  Its  gauge 
Is  reduced.  But  the  thinner  steel  with  a  higher 
yield  strength  can  easily  cause  geometrical 
surface  defects.  "Surface  warp"  emerged  as  the 
most  critical  defect  to  be  solved  for 
successful  application  of  high  strength  steel. 
Bake  hardenable  steel  Is  particularly  suited 
foi  solving  the  problem,  because  It  has  low 
yield  strength  for  good  shape  flxabillty  when 
stamped  and  has  high  yield  strength  after 
stamping  for  good  dent  resistance. 


This  concept  was  unsuccessfully  tried  to 
put  Into  practice  during  the  1960's  and  the 
1970's . ( 1 ) (2) (3 )  Because  at  that  time,  rimmed 
steel  was  mainly  used.  In  which  nitrogen  could 
not  be  controlled.  A  forming  defect  of 
stretcher  strain  could  not  be  avoided  without 
the  control  of  dissolved  elements.  After  the 
1973  oil  crisis,  the  use  of  high  strength  steel 
In  car  body  production  accelerated  due  to  the 
growing  demand  for  fuel-efficient  cars.  A  great 
deal  of  research  has  been  carried  out  on  high 
strength  steel.  The  concept  of  bake  hardening 
has  become  the  center  of  attention  again.  After 
a  lot  of  research  works  on  manufacturing  and 
application  of  bake  hardenable  steel.  It  has 
been  commercially  used  since  beginning  of  the 
1980's.  The  reason  Its  commercial  application 
has  been  made  possible  In  recent  times  is  that 
aluminum  killed  steel  and  vacuum  degassed  steel 
arc  available  at  reasonable  cost.  The  use  of 
aluminum  killed  steel  can  eliminate  a  forming 
problem  of  stretcher  strain  and  dissolved 
carbon  content  can  be  controlled  by  vacuum 
degassing  or  continuous  annealing  process. 
Various  improvements  were  also  made  In  d'e 
design  and  stamping  technologies. 

This  paper  describes  the  current  status  of 
bake  hardenable  steels  used  In  car  body 
production  in  Japan  from  the  manufacturing  and 
application  points  of  view. 


USK  OF  BAKK  HARDFNABI.K  HIGH  STRKNGTH 
STFFl.  FOR  CAR  HOI)  1 1- S 

High  strength  steel  now  accounts  for  about 
30-40%  of  the  total  weight  of  car  bodies.  The 
changes  in  the  ratio  of  high  strength  steel  to 
cold  rolled  steel  sheet  production  at  Nippon 
Steel  are  shown  In  Figure  1.  The  use  of  high 
strength  steel  has  been  Increasing  steadily 
year  by  year.  Figure  2  shows  the  ratio  of 
production  of  each  grade  of  high  strength  steel 
to  the  total  production  In  1986  at  Nippon  Steel 
Nagoya  works,  and  typical  applications.  High 
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Fig.  1  The  changes  in  the  ratio  of 
high  strength  steel  to  cold  rolled 
steel  sheet  production  at  Nippon 
Steel 


strength  steels  with  tensile  strength  below  40 
kgf/mm^  (392MPa)  arc  largely  used.  These  high 
strength  steels  are  applied  to  exposed  panels 
moderately  drawn  such  as  hoods,  doors,  and 
trunk  lids,  and  to  Inner  panels  such  as  floors, 
cowls  and  side  sills.  High  strength  steels  with 
tensile  strength  above  40  kgf/mmM392l*IPa)  are 
applied  to  structural  parts  such  as  members. 
And  high  strength  steels  with  the  tensile 
strength  above  60  kgf/mm^  (588MPa)  are  applied 
to  reinforcements  such  as  bumpers  and  door 
impact  bars. 

Bake  hardenable  steels  account  for  about 
45%  of  the  high  strength  steels  at  Toyota 
!'Iotor.  Bake  hardenable  steels  are  mainly 
applied  to  the  exposed  panels  because  of  the 
advantage  In  reduction  of  gauge  and  dent 
resistance.  The  other  application  of  bake 
hardenable  steel  Is  for  members  which  need 
higher  resistance  against  a  Impact  load. 


MKTALLURGICAI.  FACTORS  IN  THE 
MANUFACTURING  OF  BAKE  HARDENABLE 
STEELS 
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Fig.  2  The  ratio  of  production  of 
each  grade  of  high  strength  steel 
to  the  total  production  and  typi¬ 
cal  application 


Strai n 

Fig.  3  Schematic  stress-strain 
curve  showing  the  evaluation 
of  bake  hardenabi  1  i  ty 


pinning  force  of  dislocation  than  carbon  at 
ambient  temperature.  Today  bake  hardenable 
steels  are  produced  from  aluminum  killed  steel. 
In  which  nitrogen  can  be  easily  precipitated  as 
AlN.  Therefore  the  manufacturing  method  of  bake 
hardenable  steels  Is  nothing  but  the  control  of 
dissolved  carbon. 


Bake  hardenabi 1 1 ty  Is  measured  as  the 
difference  between  the  flow  stress  at  2% 
tensile  strain  and  the  yield  streos  after  heat 
treatment  for  20  minutes  at  170*C  as  shown  In 
Figure  ,3. 

Bake  hardening  Is  a  kind  of  strain  aging 
and  It  Is  caused  by  dissolved  nitrogen  and 
carbon.  When  nitrogen  Is  used  to  produce  bake 
hardening,  a  forming  defect  of  stretcher  strain 
emerges  frequently  because  of  Its  diffusion 
coefficient  several  times  larger  than  that  of 
carbon  at  ambient  temperature. (4)  Nitrogen 
produces  larger  yield  point  elongation  than 
carbon  when  the  concentration  of  dissolved 
nitrogen  Is  equal  to  that  of  dissolved  carbon. 
It  Is  considered  that  nitrogen  has  larger 


Effect  of  dissolved  elements  and  grain  size 

Figure  4  shows  the  effect  of  solute 
elements  and  grain  size  on  the  bake 
hardenabi 11 ty  of  aluminum  killed  steels  with 
0.015-0.041%  carbon. (5)  Though  the  figure  uses 
the  total  quantity  of  carbon  and  nitrogen  as  an 
Index  for  concentration  of  solute  elements, 
only  the  carbon  was  dissolved  when  (C»N)<15 
ppm.  Bake  hardenabi llty  depends  upon  the  grain 
size  as  well  as  the  concentration  of  dissolved 
carbon  and  nitrogen.  Figure  5  shows  the  effect 
of  grain  size  and  dissolved  elements  on  bake 
hardenabi 1 1 ty  more  clearly. (5)  As  the 
concentration  of  dissolved  carbon  becomes  very 
high,  the  Increase  In  bake  hardenabi 1 1 ty 
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Fig.  4  Effect  of  grain  size  and  dissolv¬ 
ed  elements  on  bake  hardenabi 1 i ty  of 
al  unii  nuni  ki  1  led  s  tee  Is 
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Fig.  5  Effect  of  grain  size  and  dis¬ 
solved  elements  on  bake  harden¬ 
abi  1  i  ty 


rcache.s  a  saturation  point.  The  grain  size 
appears  to  deteralne  the  nazlBUB  bake 
hardenabi 1 1 ty  attainable.  The  snaller  the  grain 
size  becoies,  the  higher  the  bake 
hardenablllty.  But  a  BaKlBun  of  10  kgf/min^ 
(98MPa)  of  bake  hardenablllty  Is  obtainable 
because  the  grain  size  could  be  reduced 
practically  to  as  saall  as  eleven  In  grain  size 
number.  The  reason  why  bake  hardenablllty 
depends  on  the  grain  size  Is  not  clear,  but  it 
Is  Inferred  that  the  Influence  of  dissolved 
carbon  on  bake  hardenablllty  differs  depending 
on  the  location  of  carbon.  Different  effect  of 
dissolved  carbon  was  reported  on  the  bake 
hardenablllty  depending  on  Its  location,  at 
grain  boundary  and  Inside  grain. (6) (7) 

Effect  of  manganese 

Figure  6  shows  the  effect  of  manganese 
content  on  the  bake  hardenabi 1 1 ty. (5)  Manganese 
reduces  the  hake  hardenabi 1 1 ty. (5) (8)  It  has  an 
affinity  for  carbon  and  forms  a  dipole  with 
carbon. (9)  Dissolving  of  manganese  Into 
cementlte  accelerates  the  precipitation  of 
cement i tes ( 10) ,  which  reduces  dissolved  carbon 
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Fig.  7  Effect  of  Si  content  on  bake 
hardenabi lity,  yield  point  elon¬ 
gation  and  tensile  strength 


content  resulting  In  lower  bake  hardenablllty. 
Manganese  has  another  disadvantage  because  U 
reduces  plastic  strain  ratio. 

Effect  of  si  1  Icon 

Figure  7  shows  the  effect  of  silicon 
content  on  the  bake  hardenablllty.  Silicon 
enhances  the  bake  hardenabi 1 1 ty . (5 ) (8)  It  Is 
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Fig.  8  Effect  of  carbon  content  on  bake 
hardenabi 1 i ty  and  dissolved  carbon  and 
nitrogen  contents 


repulsive  to  carbon.  Silicon  delays  the 
precipitation  of  cementltes  because  It  enhances 
tho  activity  of  carbon  around  the  cementltes. 
Therefore  higher  bake  hardenablllty  Is  obtained 
as  silicon  content  Increases.  But  silicon 
causes  higher  yield  point  elongation  as 
compared  with  Its  strengthening  ability  as 
shown  In  Figure  7.  Silicon  Is  not  used  for  bake 
hardenable  steel  as  long  as  steel  can  be 
strengthened  by  other  elements. 

Kffect  of  phosphorus 

Figure  8  shows  the  effect  of  carbon 
content  on  bake  hardenablllty  and  dissolved 
(C+N)  content  both  of  low  carbon  aluminum 
killed  steel  and  rephosphorlzed  aluminum  killed 
steel. (5)  Though  (C+N)  content  does  not  change 
by  addition  of  phosphorus,  rephosphorlzed 
aluminum  killed  steel  shows  a  little  higher 
bake  hardenablllty.  The  reason  Is  that 
rephosphorlzatlon  reduces  the  grain  size,  8.0 
to  9.0  In  grain  size  number  In  the  case  shown 
in  Figure  8.  Thus  the  phosphorus  contributes  to 
Increase  In  bake  hardenablllty  by  reducing  the 
grain  size.  Phosphorus  has  advantage  that 
addition  of  it  does  not  deteriorate  the  plastic 
strain  ratio.  So  It  is  used  mainly  as  the 
strengthening  element  of  bake  hardenable  high 
strength  steel  of  drawing  quality.  But  more 
than  0.1%  phosphorus  causes  strain  Induced 
brittleness . 

Bake  hardenable  steel  of  deep  drawing  quality 

Bake  hardenable  steel  of  deep  drawing 
quality  Is  produced  from  ultra-low  carbon  steel 
containing  both  titanium  and  niobium. (11)  in 
this  steel,  all  nitrogen  is  combined  with 
titanium  and  carbon  Is  imcompletely  combined 
with  niobium.  There  remains  a  small  quantity  of 
dissolved  carbon  unlike  the  tltanlum-bearlng 
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Fig.  9  Bake  hardenabi  1  i  ty  of  titanium-plus 
niobium-bearing  ultra-low  carbon  steel 
with  deep  drawing  quality 


ultra-low  carbon  steel  In  which  the  titanium  Is 
contained  to  combine  all  of  carbon  and  nitrogen 
In  It.  Titanium-  plus-nloblum-bearlng  steel 
suffers  no  deterioration  of  formablllty  when 
carbon  is  Imcompletely  combined.  Figure  9  shows 
the  bake  hardenablllty  of  this  steel.  Boron 
enhances  the  bake  hardenablllty  of  this  steel 
as  shown  In  Figure  9.  The  reason  Is  not  clear, 
but  It  Is  Inferred  that  boron  that  has  affinity 
for  carbon  and  exists  mainly  on  the  grain 
boundary,  attracts  the  carbon  Into  the  grain 
boundary  that  is  considered  a  more  effective 
location  for  carbon  existence  In  bake 
hardenablllty  than  Inside  the  grain. 

Relationship  between  bake  hardenablllty  and 
yield  point  elongation 

Since  the  bake  hardenable  steel  Is  applied 
to  exposed  panels.  It  Is  required  to  produce  no 
forming  defect  of  stretcher  strain.  Bake 
hardenablllty  Is  closely  related  to  aging  at 
ambient  temperature  since  bake  hardening  Is  a 
kind  of  strain  aging  phenomenon.  Figure  10  a) 
Is  a  result  of  experiment  that  steels  with 
yield  point  elongation  of  1.5%  are  formed  In 
various  strain  conditions  to  see  the  surface 
defects  produced.  It  shows  stretcher  strain 
appears  when  formed  lightly  and  changes  to  a 
surface  defect  called  Inhomogenlous  surface 
roughness  Is  caused  as  strain  Is  Increased 
further.  Both  surface  defects  deteriorates  the 
panel  quality  after  painting.  According  to 
Figure  10  b),  yield  point  elongation  has  to  be 
less  than  0.2%  for  the  steel  to  be  used  for 
exposed  panels. 

Figure  11  shows  the  relationship  between 
the  bake  hardenablllty  and  the  yield  point 
elongation  after  aging  at  100  °C  for  an 
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Mi  nor  strain  62 

a)  Occurrence  region  of  stretcher  strain 
and  surface  defect  on  the  forming  dia¬ 
gram 

(Sample  A) 


b)  Occurrence  of  stretcher  strain  and 
surface  defect 

(Major  strain  is  equal  to  minor  strain) 


Fig.  10  Occurrence  of  stretcher  strain 
and  surface  defect 


hour. (12)  Since  0.2%  yield  point  elongation  is 
acceptable,  no  none  than  Skgf/BB^  (49MPa)  of 
bake  hardenablllty  on  average  is  practical. 

In  order  to  study  about  the  factors  behind 
the  variation  of  the  data  In  Figure  11.  three 
kind  of  bake  hardenable  steels  were 
Investigated  concerning  the  relation  between 
bake  hardenablly  and  yield  point  elongation 
after  aging. (13)  According  to  Figure  12,  batch 
annealed  ultra-low  carbon  aluilnun  killed  steel 
(  C:  10  to  50  ppB  )  shows  yield  point 
elongation  when  bake  hardenablllty  Is  wore  than 
4  kgf/BB^ (39MPa) ,  while  continuously  annealed 
low  carbon  steel  (  C:  0.04%  )  has  no  yield 
point  elongation  until  bake  hardenablllty 
reaches  6  kgf/BaM59MPa) .  It  Is  thought  as 
follows.  The  continuously  annealed  low  carbon 
steel  can  be  easily  Induced  wore  dislocations, 
which  suppresses  the  yield  point  elongation, 
than  the  batch  annealed  ultra-low  cardon  steel 
when  they  are  temper-rolled.  It  Is  because  the 
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Fig.  11  Relationship  between  bake 
hardenabi 1 i ty  and  aging  at  am¬ 
bient  temperature 
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former  has  smaller  grain  size  and  a  larger 
number  of  finely  dispersed  cementltes  resulted 
from  Its  annealing  process.  Batch  annealling 
process  is  not  so  favourable  for  producing 
bake  hardenable  steel,  because  carbon  content 
must  be  reduced  to  0.01%  level,  which  wakes  It 
difficult  to  suppress  yield  point  elongation. 
In  continuous  annealing  process  dissolved 
carbon  Is  controllable  even  when  0.04%  level  of 
carbon  Is  contented. (14) 

Production  of  bake  hardenable  steels 

To  control  the  concentration  of  carbon, 
following  methods  are  employed:  decreasing 
carbon  content(15).  Increasing  the  cooling  rate 
by  utilizing  the  open  coll  annealing 
processdG),  coasenlng  the  cementlte  by 
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Table  1  Bake  hardenable  steels  in  production  at  Nippon  Steel 


Grade 

Anneal i nq 

Chemical  compositions 

Mechanical  properties 

C 

Si 

Mn  S  '  P 

'  Ti  Nb 

YS 

kgf/mm‘ 

'  TS 
■  kgf/mm' 

El 

-  -  WH 

^  kgf/mm' 

BH 

■  kgf/mm 

HSS 

Batch 

0.017 

0.01 

0.23  0.010  0.072 

- 

23 

36 

40 

0.21  1.7  2.4 

5 . 4 

Di  1 

(DQ) 

CAL 

0.04 

0.01 

0.20  0.009  0.027 

-  ,  - 

22 

36 

43 

0.21  1.5  3.0 

7.0 

DQ-BH 

Batch 

0.008; 

0.01 

0.22  0.0090. 012 

- 

17 

31 

45 

0.23  1.8  2.5 

5.3 

CDQ-BH 

Batch 

0.003i 

0.02 

0.15  0.007:0.009, 

0.009;  0.013 

15 

29 

48 

0.24  2.0  3.3 

4.4 

Gauge;  Q.7mm 

supercritical  annealing  or  high  colling 
temperature  after  hot  rolllng(15).  and 
appliylng  continuous  annealing  process. 

Bake  hardenable  steel  with  the  tensile 
strength  of  35  kgf/miii^(343MPa)  Is  produced 
commercially  at  Nippon  Steel  by  combining 
either  vacuum  degassed  low  carbon  steel 
(C:0.01%)  with  batch  annealing  process,  or 
conventional  low  carbon  (C:0.04%)  with 
continuous  annealing  process.  The  level  of 
5  kgf/mm^  (49l'1Pa)  of  bake  hardenabllty  Is 
obtained  by  controlling  the  content  of 
dissolved  carbon  at  6  to  8  ppm.  As  the 
strengthening  elements  phosphrus  Is  mainly 
used.  Because  silicon  Is  apt  to  produce  yield 
point  elongation,  and  manganese  reduces  bake 
hardenablllty.  Phosphorus  shows  no 
deterioration  of  bake  hardenablllty  and  plastic 
strain  ratio. 

Table  1  lists  the  bake  hardenable  steels 
which  Nippon  Steel  produces(12) .  Bake 
hardenable  mild  steels  are  also  produced 
commercially  and  applied  to  back  door  for 
example . 


APPLICATION  OP  BAKE  HARDENABLE 
STEEL  TO  CAR  BODIES 

The  gauge  of  exposed  panels  is  determined 
by  dent  resistance  and  panel  stiffness.  The 
reduction  of  gauge  by  applying  high  strength 
steel  Is  made  possible  only  in  the  case  that 
the  panel  gauge  Is  determined  by  dent 
resistance.  Panel  stiffness  is  pure  elastic 
deformation,  while  dent  resistance  Is  elastic- 
plastic  deformation  depends  on  the  yield 
strength.  From  the  stand  point  of  dent 
resistance,  higher  yield  strength  after  forming 
and  baking  Is  desired.  But,  lower  yield 
strength  Is  better  for  stamping  forraablllty  and 
shape  fixabllity.  Therefore  the  main  subject  Is 
what  degree  of  yield  strength  Is  to  be 
commercially  acceptable  from  both  points  of 
shape  fixabllity  and  dent  resistance. 

Dent  resistance 

Dent  resistance  and  stiffness  arc 
Important  panel  qualities  to  detorralno  the 


gauge.  In  case  dent  resistance  Is  critical, 
downgauging  Is  made  possible  by  using  a  steel 
with  high  yield  strength.  Figure  13  shows  the 
relation  between  dent  resistance  and  panel 
yield  strength  for  a  door  panel  formed  by  400 
ton  stamping  machine  at  Nagoya  RtD  Lab.  The 
panel  yield  strength  was  measured  by  the 
specimen  taken  from  the  panel  after  being 
stamped.  Therefore  It  represents  actual  yield 
strength  against  which  weight  Is  loaded  to 
measure  dent  depth.  The  figure  Indicates  about 
5  kgf/mm^  (49MPa)  of  Increase  In  panel  yield 
strength  enables  downgauging  from  0.8mm  to 
0.7mm  for  that  panel.  Depth  of  dent  varies 
depending  on  dimensions,  shape  and  curveture  of 
panels!!?)  and  different  criteria  are  employed 
on  allowable  dent  depth  for  each  of  the  panels. 
Although  relation  Is  different  depending  on  the 
panels  between  Increase  In  panel  yield  strength 
and  reduction  of  gauge  achievable.  It  is 
thought  In  general  that  panel  yield  strength  Is 
needed  to  Increase  by  7  kgf/mmM69MPa)  for  the 
downgauge  of  0.05mm  to  0.1mm.  Because  maximum  5 
kgf/mm^  (49MPa)  of  bake  hardenablllty  Is 
commercially  practical  as  mentioned  previously. 
Increase  of  more  than  2  kgf/mm^  (19MPa)  Is 
necessary  In  the  yield  strength  before  stamping. 
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Fig.  13  Effect  of  bake  hardening  on 
dent  depth 
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Bake  hardenable  high  strength  steel  with 
tensile  strength  of  35  kgf/mm^  (343MPa)  was 
develoved  to  meet  these  requirements.  It  has 
yield  strength  from  20  to  23  kgf/mmMl96  to  225 
MPa),  2  to  3  kgf/mmM20  to  29MPa)  up  from 
conventional  mild  steel  for  the  exposed  panel 
of  moderate  drawing,  and  over  5  kgf/mm* (49MPa) 
of  bake  hardenabllity. 


Surface  warp 

Figure  14  shows  the  typical  forming 
defects  by  high  strength  steel  used  for 
exposed  panels. (18)  Surface  warp  becomes  one  of 
the  major  defects  of  shape  unfixing.  Figure  15 
shows  surface  profiles  around  the  hollow  for 
door  handle,  which  were  formed  from  mild  steel 


Fig.  15  Phase  of  surface  warp  around  door  handle  hollow 


Fig.  16  Relation  between  surface  warp  and  major  mechanical  properties 
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Blanck  holding  force  N 


Fig.  17  An  example  of  diminishing 
surface  warp  around  a  hollow  for 
door  handle  by  changing  forming 
condition 


and  high  strength  steel  with  the  tensile 
strength  of  45  kgf/M^  (440MPa) .  (19)  It 
Indicates  the  high  strength  steel  produces 
larger  surface  warp  than  wild  steel  when  forced 
under  the  sane  stamping  condition.  The 
relationship  between  surface  warp  and 
■echanlcal  properties  was  Investigated  as  shown 
In  Figure  16.(19)(20) 

Panel  quality  could  be  deteriorated  in 
tens  of  surface  warp  when  illd  steel  was 
replaced  by  35  kgf/u^(343MPa)  bake  hardenable 
high  strength  steel  because  the  latter  Is 
designed  to  have  higher  yield  strength  than  the 
forwer  as  lentloned  above,  laproveients  were 
■ade  In  die  design  and  stanplng  technology  to 
use  the  steel  with  higher  yield  strength  than 
before.  They  were  focussed  on  the  lethods  to 
unlfon  stress  distribution  and  to  ■inialze 


localized  elastic  deforaatlon.  An  exanple  Is 
shown  In  Figure  17.  High  blank  holding  force 
can  reduce  the  surface  warp.  Die  design  was 
modified  to  curb  draw-ln  of  flange  and  to  allow 
uniform  strain  distribution  over  the  panel. 

The  35  kgf/mm^ (343MPa)  bake  hardenable 
high  strength  steel  Is  produced  to  add 
phosphorus  to  low  carbon  or  ultra-low  carbon 
aluminum  killed  steel.  Application  of  aluminum 
killed  steel  can  improve  formablllty  which 
otherwise  deteriorates  with  Increased  strength 
because  It  has  much  better  formablllty  than 
rimmed  steel  which  had  been  used  for  exposed 
panel.  Moreover,  strengthening  by  phosphorus 
does  not  sacrifice  drawablllty.  Other 
production  variables  are  also  controlled  to 
Improve  mechanical  properties  such  as 
elongation,  strain  hardening  coefficient  and 
aging.  The  35  kgf/mm^ (343MPa)  bake  hardenable 
high  strength  steel  produced  today  Is  capable 
to  stand  severe  stamping  condition  necessary 
for  prevention  of  surface  warp. 

As  the  results,  no  more  than  23  kgf/mm^ 
(225MPa)  of  yield  strength  Is  acceptable  for 
the  exposed  panels  35  kgf/mm^  (343MPa)  bake 
hardenable  high  strength  steel  is  applied  to. 
Figrure  18  shows  an  example  of  the  application 
of  bake  hardenable  steels  to  automobile  parts 
at  Toyota  Motor. 

Effect  of  bake  hardenablllty  on  structural 
parts 

The  Increase  of  yield  strength  by  bake 
hardenablllty  was  also  desired  to  be  effective 
against  Impact  loading.  Box-shaped  parts 
illustrated  In  Figure  19  were  exammlned  to 
clarify  the  effect  of  bake  hardenablllty  on 
structural  parts.  They  were  loaded  dynamically 
by  a  weight  with  the  velocity  of  about  35  km/h. 
And  deformation  starting  load  Ps  and  absorbed 
energy  Ea  were  measured  as  shown  In  Figure  19. 
The  relationship  between  deformation  starting 


Figure  18  Application  of  bake  hardenable  steel  to  automobile  parts 
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The  shape  and  dimension  of  (b)  A  load-deformation 
crush  test  structure  curve 


Fig.  19  Bax-shaped  structure  and 
load-deformation  curve  of  crush 
test 
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Fig.  20  Relationship  between  deforma¬ 
tion  starting  load  and  panel  thick¬ 
ness 


load  Ps  and  sheet  thickness  Is  shown  In  Flgtire 
20.  As  previously  known,  Ps  bears  the  relation 
with  the  flow  stress  at  2  \  strain  0'2  and  the 
sheet  thickness  t  as  following  equatlon(21) : 

Ps  =  KiO'j'’®  1^°  (1) 

It  was  ilso  found  In  this  Investigation  that 
deformation  starting  load  was  In  proportion  to 
.  And  the  Increase  of  deformation  starting 
load  by  bake  hardening  was  clearly  noticed. 
From  this  result  use  of  bake  hardenable  steel 
had  the  same  effect  of  reducing  gauge  by  0.1  to 
0.2  mm.  But  the  advantage  on  the  absorbed 
energy  Ea  was  not  recogpilzed.  As  previously 
known  the  absorbed  energy  Is  closely  correlated 
with  the  tensile  strength  (Tg  and  sheet 
thickness  as  the  following  oquatlon(21) : 


Fig.  21  Front  side  member-an  example 
for  application  of  bake  hardenable 
steel  to  the  structural  part 


Ea  =  Kjae^'^t^o  (2) 

Since  the  Increase  of  tensile  strength  by  bake 
hardening  Is  only  1  to  2  kgf/mm^  (10  to  20MPa) 
In  the  case  of  5  kgf/mm^  (49MPa)  of  bake 
hardenablllty ,  It  does  not  contribute  to 
Increase  In  absorbed  energy. 

In  stamping  structural  parts  as  well  as 
panels  It  Is  difficult  to  obtain  good  shape 
fixablllty  when  the  steel  with  higher  yield 
strength  Is  used.  For  these  reasons  bake 
hardenable  steels  are  applied  to  the  structural 
parts  which  need  high  deformation  starting 
strength  such  as  front  side  member  as  shown  In 
Figure  21.  Examples  of  the  application  of  bake 
hardenable  steel  to  structural  parts  are  also 
shown  In  Figure  18. 


CONCLUSIONS 

Bake  hardenable  steels  has  entered  main 
stream  of  auto  production.  Several  kinds  of 
bake  hardenable  steel  are  now  In  production  at 
Nippon  Steel.  Metallurgical  factors  affecting 
bake  hardenablllty  were  clarified.  The  results 
of  research  and  Improvements  In  steel  making 
technologies  made  It  possible  to  control  the 
concentration  of  dissolved  carbon  at  6  to  8  ppm 
which  produces  5  kgf/mm*  {49MPa)  of  bake 
hardenablllty  without  causing  stretcher  strain. 
Today.  20  to  23  kgf/mm^  (196  to  225MPa)  of 
yield  strength  Is  thought  the  most  appropriate 
for  meeting  contrary  requirements,  formablllty 
and  shape  fixablllty.  Reduction  of  gauge  was 
achieved  by  0.05  to  0.1mm  for  panels  of 
moderate  drawing  such  as  doors  and  hoods  by 
using  35  kgf/mm^  (343MPa)  bake  hardenable  high 
strength  steel  which  was  developed  for  this 
usage.  Improvements  In  die  design  and  stamping 
technologies  are  also  attributable  to 
successful  application  of  the  steel. 

Bake  hardenable  steels  are  also  applied  to 
the  structural  parts  such  as  members  In  order 
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to  obtain  high  deformation  starting  strength. 

Bake  hardenable  steels  are  successfully 
used  for  reducing  the  weight  of  car  bodies. 
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ABSTRACT 

The  development  of  high-strength  steels 
with  highly  uniform  properties  for  use 
in  the  automotive  industry  has  become 
increasingly  important . Product  and  mar¬ 
ket  developments  are  discussed.  Multi¬ 
alloying  concepts  for  hot  strip  steels 
with  Ti ,  Nb,  V,  and  2r  or  Ca  are 
presented.  A  new  Strength-Temperature- 
Alloy  Diagram  is  introduced,  which  quan¬ 
tifies  the  relation  between  YS,  chemical 
composition,  and  rolling  temperature. 
Together  with  coiling  temperature  con¬ 
trol,  this  permits  a  reduction  of  scat¬ 
ter.  These  techniques  can  also  be 
applied  to  the  development  of  normali- 
zing-rolled  steels. 

The  degree  of  dispersion  hardening  of 
microalloyed  cold-rolled  steels  depends 
both  on  the  degree  of  cold-reduction  and 
on  the  annealing  cycle  and  is  always 
lower  than  in  hot  strip.  t/p  to  a  YS  of 
about  350  N/mm^  the  use  of  rephosphori- 
zed  steels  is  more  advantageous,  but  the 
specific  effect  of  alloying  with  P  dif¬ 
fers  according  to  the  steel  type  and  the 
annealing  cycle.  Careful  consideration 
of  these  effects  has  allowed  the  produc¬ 
tion  of  hot-dip  galvanized  strip  with  a 
min.  YS  of  260  N/mm^  and  a  standard 
deviation  nearly  equivalent  to  that  of 
DDQ. 


IM  RESPONSE  TO  THE  INCREASING  DEMAND  of 
the  automotive  industry  for  HSLA  Steels, 
Thyssen  Stahl  AG  has  developed  a  com¬ 
plete  range  of  hot  and  cold  rolled 
products  paying  special  attention  to 
reducing  the  spread  of  both  mechanical 
and  geometrical  properties'  ^ . 


After  having  satisfactorily  solved  th= 
problem  of  optimizing  strength  and  for- 
mability  through  micro-alloying,  trans¬ 
formation  hardening,  dual-  and  multi¬ 
phase  structures,  extreme  desulfuriza¬ 
tion  and  other  techniques  which  are  now 
state-of-the-art^'",  we  believe  that 
uniformizing  properties  is  the  most 
important  outstanding  task  in  steel 
development.  This  has  become  an  acute 
question  because  of  the  introduction  in 
the  automotive  industry  of  highly  auto¬ 
matized  production  lines  which  do  not 
tolerate  large  variations  of  properties. 

This  paper  reports  on  research  di¬ 
rected  to  better  understanding  how 
alloy  design  and  production  factors  can 
be  optimized  to  increase  uniformity  of 
mechanical  properties.  Although  closely 
connected  with  this  goal,  geom;etrical 
properties  are  not  considered  here. 
Examples  are  given  of  thermomechani cal ly 
treated  hot  strip,  normalizing-rolled 
hot  strip  and  high  strength  cold  strip, 
uncoated  and  galvanized. 

1.  Products  and  markets  -  a  Thyssen 
view 

PRODUCTS  -  Thyssen  Stahl  AG  offers 
a  large  variety  of  high-strength  low- 
alloy  steels  for  cold  forming  (Fig.  1). 

Hot-rolled  steels  with  a  minimum  YS 
up  to  55C  N/mm^  are  conventional  ferri- 
tic-pearlitic,  thermomechanically  (TM) 
treated  strip,  and  follow  closely  the 
German  standard  SEW  092’  .  For  the  higher 
minimum  YS  up  to  750  N/mm^  no  official 
standard  exists.  These  steels  have 
structures  which  vary  from  a  m.ixture  of 
polygonal  ferrite  and  low-carbon  bainite 
to  100%  low-carbon  bainite. 

SEW  092  also  includes  normalized 
steels  with  a  minimum  YS  up  to  500  N/mm* 
and  permits  normalizing-rolling  as  an 
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fig.  1  -  High  strength  steels  for  cold 
forming 

alternative.  This  is  a  difficult  task  in 
the  hot-strip  mill,  which  has  been 
achieved  for  the  lower  range  of  YS  up  to 
and  including  380  N/mm*  min  YS. 

Two  other  types  of  high-strength 
steels  are  also  offered  for  special 
applications  such  as  wheel  disks,  namely 
hot-rolled  dual-phase  steels  and  very 
rapidly  cooled  steels  with  a  structure 
of  very  fine  ferrite  and  degenerated 
pearlite . 

Standard  microalloyed  cold  rolled 
steels  covered  in  SEW  OSS*”  (min.  YS  up 
to  420  N/mm^ )  have  been  available  for 
about  15  years.  Other  grades  with  a  min. 
YS  up  to  500  N/mm^  are  also  produced. 
Bake-hardening  and  rephosphor ized  steels 
with  a  min.  YS  up  to  300  N/mm^  are 
standard  (SEW  093)  and  offer  enhanced 
formability.  New  developments  are  good 
formable,  non-aging,  hot-dip  galvanized 
sheet  based  on  rephosphorized  or 
microalloyed  steels. 

MARKETS  -  Market  development  was 
different  in  the  last  5  years  for  hot 
and  cold  rolled  steels.  Hot  rolled 
steels  were  introduced  about  20  years 
ago  and  specially  in  truck  construction 
the  advantages  which  they  offer  in  redu¬ 
cing  weight  were  quickly  recognized  and 
put  into  practice.  In  the  Federal  Repub¬ 
lic  of  Germany  most  truck  frames  are 
made  today  from  micro-alloyed  HSLA 
steels  either  TM  treated  or  normalized 
(or  normalizing  rolled).  Fig.  2  reflects 
the  typical  situation  of  a  mature  mar¬ 
ket:  little  or  no  net  growth  at  a 
relatively  high  absolute  level.  But  the 
proportion  of  the  higher  strength  steels 
is  growing  steadily.  This  is  due  to 
increasing  experience  in  fabrication  and 
to  the  positive  results  obtained  with 
these  materials. 

On  the  other  hand,  we  observe  for 
cold-rolled  steels  a  strong  increase  in 
total  volume  caused  by  the  recent  intro¬ 
duction  of  these  steels  in  light  trucks 


Fig.  2  - 
res  for 
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Fig.  3  -  Development  of  production  figu¬ 
res  for  high-strength  cold-rolled  steel 
and  in  automobiles  (Fig.  3) .  Since  1983 
cold  rolled  microalloyed  steels  are 
being  used  more  and  more  for  such  parts 
as  pillars  and  suspensions.  In  the 
newest  automobiles  up  to  30%  of  the 
weight  of  the  white  body  are  being 
covered  with  HSLA  steels  with  YS  greater 
than  260  N/mm^ .  Most  recently  even  parts 
which  involve  difficult  forming  opera¬ 
tions  are  being  pressed  from  high 
strength  steels,  and  this  is  the  reason 
for  the  rising  production  of  rephospho¬ 
rized  and  the  newer  hot-dip  galvanized 
steels.  There  is  also  a  large  increase 
in  the  use  for  outer  panels  of  steels 
with  a  YS  of  about  220  N/mm^  and  an  UTS 
greater  than  350  N/mm* ,  but  this  will 
not  be  discussed  here. 

2.  High-strength  low-alloy  thermomechan- 
ically  treated  steels 

High-strength  hot-rolled  steel 
strip  can  be  made  with  microalloying 
additions  of  Nb,  V  ,  Ti  or  a  combination 
of  these  elements,  each  of  which  may 
have  particular  advantages  according  to 
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the  alloy  design  specifications.  Ti,  for 
example,  is  low-priced,  binds  up  N,  so 
that  effectively  non-aging  steels 
result,  and  can  be  added  in  higher 
concentrations  to  give  extremely  high 
levels  or  disp<=rsicr.  hardening  This 
niakes  it  possible  to  produce  steels 
having  a  range  of  minimum  ^ield  strength 
between  340  and  700  N/mm^ ,  depending  on 
the  Ti  content.  In  addition  sulfide 
shape  control  is  also  possible  with  Ti . 


Fig.  4  -  Various  effects  of  Ti  in  TM- 
treated  low-C  hot  strip  steel 


Fig. 4  shows  for  a  series  of  thermo- 
mechanically  treated  hot  strip  steels 
the  amount  of  Ti  bound  up  in  different 
compounds  as  the  Ti  content  is  gradually 
increased''  .  Until  all  N  is  bound  up,  TiN 
is  formed.  Excess  Ti  above  the  stoichio¬ 
metric  composition  with  N  appears  at 
first  as  transformation-induced  coherent 
precipitates,  which  are  responsible  for 
dispersion  hardening.  This  fraction  can 
be  separated  chemically  through  selec¬ 
tive  filtration  after  boiling  2h  in 
( 1+1 ) HCl®  [f or  a  similar  method  see  “ ] . 
Depending  on  the  ratio  Ti/Mn,  formation 
of  Ti4 C2 Si  begins  and  is  complete  at 
Ti/Mn  >  0.125'' At  still  higher  Ti 
contents  strain-induced  Tic  may  be  pre¬ 
cipitated  during  rolling,  but  this 
depends  on  the  degree  of  supersaturation 
at  rolling  temperature' <>.  In  particular 
for  bainitic  steels,  the  transition  tem¬ 
perature  is  improved  as  strain-induced 
Tic  precipitation  increases''  . 

The  multiplicity  of  effects  which 
is  characteristic  for  Ti  may  be  advanta¬ 
geous  for  some  applications,  but  on  the 
other  hand,  if  all  of  this  potential  is 
applied,  some  serious  disadvantages  may 
result.  For  example,  variations  in  the  N 
and  S  contents  may  reduce  the  Ti  avail¬ 
able  for  precipitation  hardening 

I'iav—  Titotai—  3. 4N  —  3S  — 

TiCs  t  ra  1  n-  1  nduced  . 


As  a  result,  large  variations  in  YS  and 
UTS  can  occur.  This  can  be  seen  from 
Fig.  5,  which  shows  the  relationship 
between  acid-soluble  (Ti+Nb)  and 
strength  properties  for  a  steel  with  a 
large  Ti  and  a  small  Mb  content.  A 
difference  of  0.01%  in  Tia c i d - s « i u b i e  , 
which  may  be  provoked  by  a  change  of 
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low  - high 

Intermediate  rolling  temperature 

Fig.  5  -  Influence  of  the  acid- 
soluble  fraction  of  micro-alloying 
elements  on  mechanical  properties 

0.003%  in  S  or  N,  will  alter  strength  by 
about  35  tJ/mm*  .  For  this  reason  we 
prefer  to  achieve  sulfide  shape  control 
either  through  small  additions  of  Zr  or 
through  Ca  treatment.  Larger  Zr  addi¬ 
tions  could  also  bind  up  all  of  N,  but 
this  is  not  practicable  with  continuous 
casting . 

In  the  above  equation  the  last  term 
corresponds  to  the  strain-induced  carbi¬ 
des,  whi-.-h  precipitate  during  rolling 
and  are  incoherent  after  transformation, 
so  that  they  do  not  contribute  to  preci¬ 
pitation  hardening,  but  greatly  improve 
toughness  at  low  temperatures  through 
grain  refinement.  We  support  this  func¬ 
tion  through  addition  of  small  amounts 
of  Nb . 

We  have  found  that  under  certain 
conditions  we  can  estimate  the  amount 
of  strain-induced  carbides  in  hot  strip 
from  the  ladle  analysis  and  the  rolling 
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Fig.  6  -  Percentage  of  strain-induced 
Tic  precipitation  as  a  function  of 
supersaturation  at  intermediate  rolling 
temperature 

temperature  at  the  last  intermediate 
stand  before  entering  the  finishing 
train.  The  solubility  limit  for  TiC  is 
reached  at  about  this  point  of  the 
rolling  process .  No  strain-induced  pre¬ 
cipitation  can  take  place  before  this 
point,  all  of  it  takes  place  afterwards, 
and  the  amount  depends  on  the  degree  of 
supersaturation  (Fig.  6).  This  treatment 
assumes  that  total  deformation,  strain 
rate  and  temperature  at  and  after  the 
last  intermediate  stand  has  reached  a 
steady  state  in  which  all  relevant 
parameters  are  constant.  That  this  is 
not  exactly  the  case  is  shown  by  the 
broad  scatter  band  in  the  figure  in 
which  the  ordinate  of  the  points  has 
been  determined  through  chemical  analy¬ 
sis  using  the  following  equation: 

Tistialn-ludured  =  Tiioiai  -  3.4N  - 
Tiacid-ualuble  . 

It  assumes  that  all  N  is  bound  up  by  Ti 
and  that  S  has  been  eliminated  or  bound 
up  by  other  means. 

The  empirical  data  collected  in 
Fig.  6  can  now  be  used  to  calculate  the 
amount  of  strain  induced  carbides  and 
therefore  the  acid  soluble  content.  For 
this  we  use  the  center  line  of  the 
scatter  band  in  Fig.  6.  We  can  now  read 
the  expected  YS  from  a  diagram  like  Fig. 
5.  In  this  case  we  use  the  lower  bound 
of  the  scatter  band,  because  we  need  a 
safety  factor  to  make  sure  that  the 
somewhat  colder  edges  of  the  strip  also 
reach  the  required  minimum  YS . 

Fig.  7  shows  the  results  of  this 
procedure,  which  we  call  a  Strength- 
Temperature-Alloy  Diagram  for  a  steel 


Interncdete  rating  tmperature.'C 

Fig.  7  -  Calculated  yield  stre-  qth  as  a 
function  of  intermediate  rolli  temper¬ 
ature 

with  a  minimum  YS  of  500  ’  It 
relates  the  rolling  temperature  the 
last  intermediate  stand  before  entering 
the  finishing  train  to  the  YS  which  is 
to  be  expected  from  the  hardest  and  the 
weakest  possible  combination  of  elements 
within  the  alloy  specification.  Since 
four  elements  are  significantly  invol¬ 
ved,  the  probability  of  reaching  such  an 
extreme^  combination  is  small,  so  that 
the  variations  of  strength  due  to  chan¬ 
ges  in  chemical  composition  should  be 
contained  within  the  indicated  limits. 
As  can  be  seen,  this  is  indeed  the  case 
except  for  the  systematic  displacement 
ho  higher  strengths  uUe  to  the  safety 
factor  discussed  above.  For  the  produc¬ 
tion  run  documented  in  this  figure,  the 
coiling  temperatures  were  held  essen- 
tially  constant  at  a  level  which  assures 
maximum  dispersion  hardening. 

A  STAD  can  be  used  to  determine  the 
optimum  rolling  temperature  at  the 
intermediate  stand  and  also  to  investi¬ 
gate  the  effects  of  changes  in  chemical 
composition,  but  it  is  not,  appropiate 
for  control  purposes,  since  the  possi¬ 
bilities  of  regulating  the  rolling  tem¬ 
peratures  in  the  hot  strip  mill  are  very 
limited.  Fine  tuning  of  the  strength 
properties  to  reduce  scatter  can  be  more 
effectively  achieved  by  changing  the 
coiling  temperature.  Fig.  8  shows  how 
dispersion  hardening  is  reduced  with 
increasing  coiling  temperature  so  that 
the  CT  can  be  adjusted  to  compensate 
for  variations  in  chemical  composition. 

To  determine  how  these  measures  are 
reflected  in  production  practice,  the 
mechanical  properties  of  a  random  sample 
of  eight  coils  from  four  different  melts 
were  examined  at  five  different  posi¬ 
tions  along  the  strip  length.  Fig.  9.  We 
can  see  that  consistency  of  properties 
over  the  length  of  the  strips  is  very 
good  in  a  given  direction,  but  there  is 
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Fig.  8  -  Calculated  yield  strength  as  a 
function  of  coiling  temperature 


also  a  systematic  difference  between 
longitudinal  and  transverse  YS  due  to 
rolling  texture.  This  can  be  reduced 
using  higher  rolling  temperatures,  but 
cannot  be  totally  eliminated,  which,  of 
course,  increases  total  scatter.  Never¬ 
theless,  these  are  highly  satisfactory 
results,  if  we  consider  that  for  higher 
strength  steels,  the  shape  of  the  STAD 
is  such,  that  a  change  in  rolling  tempe¬ 
rature  has  a  much  greater  effect  on 
mechanical  properties  than  for  lower 
strength  steels. 


— strip  length 

Fig.  9  -  Distribution  of  mechanical 

properties  of  thermomechanically  hot- 
rolled  steel  over  strip  length 


3.  Normalizing-rolled  steels. 

The  conventional  normalizing  anneal 
of  HSuA  steels  can  be  replaced  under 
specific  conditions  by  an  appropiate  hot 
rolling  scheme.  One  advantage  of  norma¬ 
lizing-rolled  steels  is  that  they  may  be 
heat-treated  at  any  time,  as  in  repair 
work,  without  any  great  changes  in  pro¬ 
perties.  Another  is  that  surface  quality 
in  the  as-rolled  state  is  much  better 
than  after  normalizing.  Such  steels  can 
also  be  processed  directly  from  the 
coil . 

Normalizing-rolled  steels  are  char¬ 
acterized  in  a  German  specification’’  as 
having  a  YS  in  the  as-rolled  condition 
which  does  not  differ  more  than  by  60 
N/mm^  from  the  YS  in  the  normalized 
stats.  This  is  a  difficult  condition  to 
meet,  especially  if  account  has  to  be 
taken  of  differing  degrees  of  N  fixation 
in  the  two  states.  We  avoid  this  problem 
by  adding  Ti  in  slightly  over  stoichio¬ 
metric  quantities  and  obtain  therefore 
also  a  limited  amount  of  dispersion 
hardening.  In  addition  very  small 
amounts  of  Nb  and  some  V  are  added  in 
such  proportions  that  grain  size  and 
dispersion  hardening  of  the  two  states 
are  essentially  the  same. 

With  this  alloying  concept  the 
lines  in  the  STAD  are  nearly  horizontal 
in  the  interval  of  practical  rolling 
temperatures  and  the  limited  dispersion 
hardening  in  the  as-rolled  state  corres¬ 
ponds  very  well  with  the  degree  of 
dispersion  hardening  in  the  normalized 
state.  Fig.  10  shows  a  statistical  eval- 
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Yield  strength  ond  U.T.S  Rip, 

Fig.  10  -  Distribution  of  strength 

properties  for  normalizing-rolled  steels 
and  subsequently  normalized  steels 


uation  of  a  production  run  of  about 
10  000  t  of  normalizing-rolled  steel 
with  a  minimum  YS  of  355  N/mm^  in 
thicknesses  between  6  and  8  mm.  As  can 
be  seen,  scatter  is  greater  for  the  as- 
rolled  state.  The  difference  of  the 
means  of  YS  and  UTS  between  normalized 
and  normalizing-rolled  steels  is  50  and 
32  N/m.m^  respectively.  In  a  further 
development  of  this  technique,  it  was 
found  that  after  increasing  rolling  tem¬ 
peratures  and  simultaneously  reducing 
the  cooling  rate  on  the  run-out  table, 
the  difference  in  the  grain  sizes  of  the 
two  states  was  considerably  reduced. 
Since  the  latter  measure  leads  to  higher 
CT,  a  certain  amount  of  dispersion  hard¬ 
ening  is  eliminated  in  the  coil.  This 
makes  it  possible  to  reduce  the  differ¬ 
ences  in  properties  drastically,  even  to 
the  extent  that  YS  and  UTS  of  the 
norm.alized  state  lie  above  the  values 
for  the  as-rolled  state.  Fig.  11. 


—  strip  length — 

Fig.  11  -  Comparison  of  the  strength 
properties  of  a  normalizing-rolled  steel 
and  subsequently  normalized  steel 


4.  Cold-rolled  steels 

Besides  the  factors  which  have 
already  been  discussed  -  chenical  com¬ 
position  and  control  of  rolling  and 
coiling  tem.peratures  -  other  important 
parameters  have  to  be  considered  in  thtr 
production  of  cold-rolled  high-strength 
steels .  They  are,  first  of  all,  the 
degree  of  cold  reduction  and  annealing 
temperature  . 

Cold-rolled  m.icroalloyed  steels 
have  a  much  lower  degree  of  dispersion 
hardening  than  hot  rolled  steels.  The 
reason  for  this  is  the  coarsening  of  the 
coherent  precipitates  during  annealing. 
Using  the  annealing  process  during  con¬ 
tinuous  hot-dip  galvanizing  as  an 
example,  we  can  see  from  Fig.  12  that 


Fig.  12  -  Reduction  of  acid-soluble 
micro-alloying  elements 

the  content  of  acid-soluble  microal¬ 
loying  elements  decreases  as  the  an¬ 
nealing  temperature  increases' ^  .  This  is 
a  direct  consequence  of  the  reduction  of 
the  amount  of  very  fine  precipitates 
through  coarsening,  since  only  these 
fine  precipitates  are  acid-soluble.  Cold 
reduction  also  affects  precipitation 
hardening,  because  a  higher  dislocation 
density  accelerates  diffusion  and  par¬ 
ticle  coarsening.  The  strengthening 
effect  of  m.icroalloying  elements  in 
cold-rolled  steels  depends,  therefore, 
only  to  a  st.all  degree  on  dispersion 
hardening  and  is  based  instead  on  the 
extremely  strong  grain-refining  effect, 
which  is  nearly  independent  of  the 
degree  of  cold-reduction. 

However,  the  degree  of  cold-reduc¬ 
tion  has  great  importance  in  how  it 
affects  the  degree  of  recrystallisation 
of  microalloyed  steels.  Depending  on  the 
specific  steel  composition  of  HSLA- 
steels,  recrystallization  kinetics  m,ay 
create  strength  variations  in  the  an¬ 
nealed  condition.  This  is  demonstrated 
by  a  HSLA/  Ti+Nb  steel  (0.06%  C,  0.9C% 
Hn ,  0.02%  Nb ,  0.08%  Ti ) ,  which  exhibits 
a  very  sluggish  recrystallization  (Fig. 
13).  Both  under  batch-annealing  and  con¬ 
tinuous-annealing  conditions,  different 
strength  levels  can  be  realized,  depen¬ 
ding  on  the  selected  temperature. 
Strength  levels  above  the  as  hot-rojled 
condition  indicate,  that  recrystallisa¬ 
tion  has  been  substantially  retarded. 
Even  in  the  case  of  high  annealing 
temperatures,  cold-reductions  above  30% 
are  necessary  to  produce  significant 
recrystallisation  effects.  Only  an  exact 
knowledge  of  the  interaction  between 
cold-reduction  and  annealing  cycle  can 
provide  procedures  for  a  successful  pro¬ 
duction.  In  the  manufacture  of  high- 
strength,  highly  formable  continuous 
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Fig.  13  -  Influence  of  cold  reduction 
and  annealing  cycle  on  tensile  strength 
of  cold-rolled  HSLA  steel 
hot-dip  galvanized  steels,  for  example, 
there  are  limits  to  the  process  parame¬ 
ters  which  must  be  controlled,  if  we  are 
to  achieve  a  given  combination  of  pro¬ 
perties.  With  increasing  Wb-content 
strength  increases  and  recrystallisation 
temperature  also,  as  can  be  seen  from 
the  right  boundary  of  the  shaded  field 
in  Fig.  14'!'.  On  the  other  hand,  at 
extremely  high  annealing  temperatures 
a  reduction  of  dispersion  hardening 
results  which  above  800'’ C  is  unaccept¬ 
ably  high.  Both  of  these  boundaries, 
specially  the  one  between  the  fully 
recrystallized  and  the  partially  recrys¬ 
tallized  fields,  can  be  moved  by  chan¬ 
ging  the  degree  of  cold-reduction. 


Nb- content,  V, 

Fig.  14  -  Limits  for  continuous  anneal¬ 
ing  of  Nb-inicroalloyed  steels 


Because  of  these  problems,  we  use 
rephosphorized  steels  for  the  production 
of  continuous  hot-dip  galvanized  steels 
350 
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Fig.  15  -  Influence  of  P-content  on 
yield  strength  of  cold-rolled  strip 

with  a  minimum  YS  up  to  350  N/mm^  .  These 
steels  were  originally  developed  for 
batch  annealing  so  that  a  considerable 
amount  of  know-how  was  available. 
Nevertheless,  we  found  that  the  harden¬ 
ing  effect  of  phosphorus  differs  not 
only  between  batch  annealing  and  contin¬ 
uous  annealing  but  also  for  different 
grades  of  steels  (Fig. 15).  For  example, 
it  is  found  that  batch  annealed  cold- 
rolled  strip  undergoes  a  yield  strength 
increase  of  about  7.5  N/mm*  for  every 
0.01%  of  added  P.  A  comparable  value  is 
determined  following  annealing  in  a  con¬ 
tinuous  furnace  comprising  in-line  over¬ 
ageing.  However,  the  yield  strength 
increase  is  greater  following  hot-dip 
galvanizing  and  subsequent  overageing  in 
a  batch  annealing  furnace.  We  suspect 
that  this  is  attributable  to  an  interac¬ 
tion  of  P  and  C  which  leads  to  a  finer 
precipitation  distribution  of  carbides. 
The  solid  solution  hardening  effect  of  P 
in  continuous  annealed  IF-steel  is  com¬ 
parable  to  batch  annealed  steels,  which 
is  consistent  with  this  explanation. 

Using  this  physical-metallurgical 
information  it  is  possible  to  achieve  a 
more  efficient  control  of  the  manufac¬ 
turing  process  to  reduce  the  scatter  of 
properties.  This  is  necessary  in  order 
to  increase  the  use  of  these  steels 
beyond  the  level  reached  up  to  now. 
High-strength,  continuously  hot-dip  gal* 
vanized  steels  are  used  in  cars  not  only 
to  reduce  weight  but  also  because  of 
their  superior  corrosion  resistance. 
Besides  a  high  level  of  surface  quality, 
fabricators  are  demanding  much  narrower 
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Fig.  16  '  Yield  strength  distribution 
of  mild  steel  DDQ  and  of  hot  dip  galva¬ 
nized  high  strength  steel  FHZ  260 

limits  for  mechanical  properties  than 
heretofore.  The  hot-dip  galvanized  steel 
which  at  present  is  most  used  in  Europe 
has  a  minimum  YS  of  260  N/mm=  and  can 
be  produced  after  an  optimizing  phase 
with  a  standard  deviation  of  the  YS 
which  is  nearly  equal  to  the  standard 
deviation  of  DDQ  steels  (Fig. 16) . 


CONCLUSIONS 


1.  With  mul t i -al loy ing  in  Ti  steels  it 
is  possible  to  reduce  the  alloying  func¬ 
tions  of  Ti,  so  that  scatter  of  proper¬ 
ties  is  diminished. 

2.  The  development  of  Strength-Temper 
ature-Alloy  Diagrams  allows  the  selec¬ 
tion  of  the  optimum  rolling  temperature 
for  a  steel  of  given  composition.  Small 
variations  in  composition  can  be  compen^ 
sated  by  changing  the  coiling  temper 
ature  to  adjust  dispersion  hardening. 

3  Both  the  degree  of  cold  roiling  and 
the  annealing  temperature 

degree  of  recrystallisation  and  the  loss 
of  dispersion  hardening  through  particle 
coarsening.  Control  of  these  two  factors 
reduces  scatter. 

4.  Adapting  the  P-addition  to  the 
annealing  process  and  the  steel  type 
permits  the  production  of  hot  dip 
nized  sheet  with  a  minimum  YS  of  260 
N/mm"  and  a  standard  deviation  nearly 
equivalent  to  that  of  DDQ. 
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ABSTRACT 

A  range  cf  niobium  microalloyed  high-strength 
steel  grades  for  production  of  cold-rolled 
continuously  annealed  steel  sheet  has  been  de¬ 
veloped.  The  steel  grades  involved  are  ultra  low 
carbon  rephosphorized  steels,  precipitation- 
strengthe  ned  steels,  and  dual  phase  steels.  The 
ultra  low  carbon  rephosphorized  steels  are  su¬ 
perior  in  deepdrawing  and  stretchforming  which 
means  they  can  easily  replace  mild  steels.  The 
precipitation-  strengthened  steels  have  the  ad¬ 
vantage  of  very  uniform  mechanical  properties 
and  excellent  bendability.  With  the  dual-phase 
steels  very  high  strength  levels  can  be  achiev¬ 
ed,  All  grades  have  special  applications  in  the 
automotive  industry  from  outer  body  panels  to 
bumper  reinforcements  and  door  impact  beams. 

high-strength  cold-rolled  steel  sheet  is 
used  for  automotive  application  mainly  because 
weight  reduction  is  important  for  reduction  of 
fuel  consumption.  At  the  same  time  as  the  weight 
of  a  component  can  be  reduced  its  strength  is 
increased  which  makes  it  possible  to  meet 
tougher  safety  standards, 

vrhen  a  mild  steel  grade  is  replaced  by  a 
high-strength  steel  grade  formability  and  welda¬ 
bility  of  the  high-strength  steel  must  be  good 
enough  to  make  the  part.  The  new  way  to  increase 
formability  and  weldability  of  high-strength 
steel  sheet  is  to  produce  the  sheet  by  conti¬ 
nuous  annealing.  An  excellent  annealing  tempera¬ 
ture  control  and  a  short  annealing  time  makes  it 
possible  to  produce  high-strength  steel  sheet 
with  very  uniform  mechanical  properties  and 
leaner  alloying  contents  which  improves  welda¬ 
bility  (1-7)  . 

At  SSAB  microalloying  with  niobium  has  been 
used  for  development  of  ultra  low  carbon  rephos¬ 
phorized  steels,  precipitation  strengthened 
steels,  and  dual-phase  steels. 

In  the  ultra  low  carbon  rephosphorized 
steels  niobium  is  used  to  stabilize  carbon  as 
niobium  carbides.  These  steels  have  excellent 


deep  drawability  (8-10) .  Yield  strength  levels 
of  produced  steel  grades  are  220  MPa  and  260 
MPa.  These  grades  can  be  used  for  exposed  and 
nonexposed  components  when  formability  demands 
are  almost  equal  to  the  level  of  mild  DDQ  steel. 

In  order  to  increase  the  yield  strength  to 
a  minimum  value  ranging  from  280  MPa  up  to  420 
MPa  niobiun.  is  used  for  precipitation-strengthe¬ 
ning  and  grain  refinement.  These  steels  are 
excellent  in  uniformity  compared  to  conventional 
batch-annealed  steels  which  makes  them  very  use¬ 
ful  in  the  forming  of  beams  and  other  structural 
members  where  variations  in  springback  has  been 
a  great  problem  in  the  past. 

To  reach  the  yield  strength  level  550  MPa 
niobium  microalloying  is  used  for  precipitation¬ 
strengthening  and  grain  refinement  in  combi¬ 
nation  with  a  dual-phase  microstructure.  This 
steel  has  been  developed  for  safety  components 
like  door  impact  beams  and  bumpers.  Bendability 
has  been  reported  to  be  improved  by  the  micro¬ 
alloying  compared  to  nonmicroalloyed  grades  of 
the  same  strength  level  (11). 

This  paper  describes  the  relationsships  be¬ 
tween  processing,  microstructure,  and  mechanical 
properties  for  the  different  types  of  micro- 
alloyed  high-strength  cold-rolled  steel  sheet 
produced  at  SSAB.  Results  are  reported  from  both 
laboratory  annealing  experiments  and  full-scale 
commercial  production. 

MANUFACTURING  PARAMETERS 

The  processing  which  is  schematically 
shown  in  Fig.  1  involves  steelmakinq,  hot- 
rolling,  cold-rolling,  and  continuous  annealing 
in  a  water-quenching  type  NKK  CAL. 

CHEMICAL  COMPOSITION  -  The  chemical  base 
composition  is  shown  in  Table  1. 

DOCOL  220  RP-X  and  DOCOh  260  RP-X  are  re¬ 
phosphorized  stee) s  with  ultra  low  carbon 
content  which  is  achieved  by  RH  degassing.  The 
higher  yield  strength  in  the  grade  DOCOL  260 
RP-X  is  obtained  by  an  increased  solid  solution 
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Table  1  -  Chemical  Base  Composition  in  Weight-% 


Grade 

C 

Si 

Mn 

P 

S 

A1 

Nb 

DOCOL 

220 

RP-X 

0.003 

0.01 

0.15 

0.070 

0.010 

0.040 

0.025 

DOCOL 

260 

RP-X 

0.003 

0.01 

0.30 

0.090 

0.010 

0.040 

0.025 

DOCOL 

280 

YP 

0.05 

0.01 

0.40 

0.010 

0.010 

0.050 

0.020 

DOCOL 

350 

YP 

0.05 

0.20 

0.40 

0.010 

0.010 

0.050 

0.030 

DOCOL 

420 

YP 

0.05 

0.40 

1.00 

0.010 

0.010 

0.050 

0.040 

DOCOL 

550 

YP 

0.12 

0.50 

1.50 

0.010 

0.002 

0.050 

0.030 

CONTINUOUS  CASTING 

~r'  "zc  '..-I— 

SLAB  REHEATING 


CONTROLLED  ROLLING 


CONTROLLED  COOLING 


PICKLING 


COLD  ROLLING 


CONTINUOUS  ANNEALING 


Figure  1  -  Manufacturing  steps  for 
continuously  annealed  steel  sheet. 

hardening  by  manganese  and  phosphorus .  Mb  micro¬ 
alloying  is  used  for  stabilizing  of  C. 

DOCOL  280  yp,  DOCOL  350  YP,  and  DOCOL  420 
YP  are  low  carbon  aluminium  or  silicon-aluminium 
killed  steels  which  are  grain  refined  and  preci¬ 
pitation  hardened  by  niobium  microalloying. 
Silicon  and  manganese  are  used  for  solid 
solution  hardening  in  addition  to  the  precipi¬ 
tation  hardening  effect  by  niobium. 

DOCOL  550  YP  is  a  silicon-aluminium  killed 
and  niobium  microalloyed  steel  with  increased 
contents  of  carbon  and  manganese.  This  steel  is 
a  dual-phase  steel  which  is  precipitation  harde¬ 
ned  by  niobium  precipitates  to  increase  the 
yield  strength  and  refine  the  grain  size.  The 
increased  manganese  content  is  intended  for 
further  grain  refinement  and  increased  hardena- 
bility  to  cause  a  dual-phase  microstructure  of 
precipitation  hardened  ferrite  and  martensite. 
Sulphur  content  is  kept  low  for  increased  forma- 
bility  in  bending. 

HOT-ROLLING  -  Hot  rolling  temperatures  are 
listed  in  Table  2.  The  DOCOL  RP-X  grades  are  re¬ 
heated  at  1250  C,  followed  by  high  finishing  and 
coiling  temperatures  which  is  favourable  for 
precipitation  of  aluminium  nitrides  and  niobium 
carbides.  The  stabilizing  of  nitrogen  and  carbon 


is  important  for  the  deep  drawability.  The  hot- 
band  thickness  is  between  4.2  mm  and  4.5  mm 
depending  on  steel  grade  for  a  final  cold-rolled 
thickness  of  1.50  mm. 

In  the  case  of  the  DOCOL  YP  grades,  reheat¬ 
ing  at  1250°C  is  necessary  to  be  sure  that  all 
niobium  precipitations  in  the  cast  slabs  are 
dissolved.  The  finishing  temperature  interval 
830-900°C  is  intended  to  be  as  low  as  possible 
in  the  austenite  region  to  nucleate  a  ferrite 
grain  size  after  recrystallization  which  is  as 
fine  as  possible.  The  coiling  temperature  600°C 
is  found  to  be  most  effective  for  precipitation 
of  niobium  carbonitrides .  For  a  final  cold- 
rolled  thickness  of  1.50  mm,  the  hot-bands  are 
rolled  to  a  thickness  between  3.4  mm  and  3.6  mm 
depending  on  strength  level . 

COLD-ROLLING  -  After  removal  of  the  oxide 
scale  the  hot-bands  are  cold-rolled  in  a  five- 
stand  tandem  mill  with  a  six-high  final  stand. 
Cold  reductions  are  listed  in  Table  3.  The 
difference  in  cold  reduction  between  the  diffe¬ 
rent  grades  depends  on  a  difference  in  hot-band 
strength.  The  cold  reduction  should  be  as  high 
as  possible  because  the  r-value  of  the  DOCOL 
RP-X  grades  and  the  final  grain  size  of  the 
DOCOL  YP  grades  (3)  after  recrystallization  are 
strongly  dependant  on  this  parameter. 

Table  2  -  Hot-Rolling  Temperatures 


Grade  Reheating  Finishig  Coiling 

temp.  temp.  temp. 

(°C)  (°C)  {°C) 


DOCOL  RP-X  1250  860-940  730 

DOCOL  YP  1250  830-900  600 


Table  3  -  Cold  Reductions 


Grade 

Ccld 

reduction 

(%) 

Cold 

rolled  thickness 
(mm) 

DCXIOL 

220 

RP-X 

67 

1.50 

DOCOL 

260 

RP-X 

64 

1.50 

DOCOL 

280 

YP 

58 

1.50 

DOCOL 

350 

YP 

58 

1.50 

DOCOL 

420 

YP 

57 

1.50 

DOCOL 

550 

YP 

57 

1.50 
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Table  4  -  Continuous  Annealing  Temperatures 


Grade 

Annealing 

temp. 

(°C) 

Quenching 

temp. 

(°C) 

Overaging 

temp. 

(°C) 

DOCOL 

RP-X 

830 

530 

200 

DOCOL 

280  YP 

750 

570 

400 

DOCOL 

350  YP 

750 

570 

400 

DOCOL 

420  YP 

750 

570 

400 

DOCOL 

550  YP 

800 

780-800 

300 

CONTINUOUS  ANNEALING  -  Typical  continuous 
annealing  temperatures  are  shown  in  Table  4.  The 
annealing  temperature  is  high  for  the  DOCOL  RP-X 
grades,  830  C,  because  a  high  annealing  tempera¬ 
ture  results  in  a  high  r-value.  As  almost  all 
carbon  is  stabilized  by  niobium  the  overaging 
temperature  can  be  kept  low,  200  C,  for  these 
grades . 

The  precipitation  strengthened  steels  DOCOL 
280  YP,  DOCOL  350  YP,  and  DOCOL  420  YP  are  typi¬ 
cally  annealed  at  750  C/2  min.  to  get  a  recry¬ 
stallized  ferrite  after  cold-rolling.  The  annea¬ 
ling  is  followed  by  air-cooling  down  to  570  C, 
water-quenching,  and  overaging  at  400  C/2  min. 

The  overaging  treatment  is  used  to  precipitate 
solute  carbon  from  the  ferrite  matrix  which 
increases  the  aging  resistance. 

In  the  case  of  the  dual-phase  steel  DOCOL 
550  YP  annealing  is  typically  performed  at 
800  c/2  min.  to  create  a  dual-phase  microstruc¬ 
ture  of  ferrite  and  austenite.  The  austenite  is 
transformed  to  martensite  during  water-quenching 
from  a  temperature  as  near  the  annealing  tempera¬ 
ture  as  possible.  The  overaging  treatment  is 
300  C/2  min.  At  this  temperature  the  solute  car¬ 
bon  in  the  ferrite  is  decreased  and  the  marten¬ 
site  becomes  softer  which  increases  both  ductili¬ 
ty  and  bendability  (11) . 

The  two  different  thermal  profiles  used  for 
laboratory  simulation  of  the  continuous  anneal¬ 
ing  process  are  schematically  shown  i  Fig.  2. 

The  important  parameters  are  annealing  tempera¬ 
ture,  T^,  quenching  temperature,  T  ,  and  overag¬ 
ing  temperature,  ^ 

The  temperatures  n  the  full  scale  conti¬ 
nuous  annealing  line  have  been  determined  from 
the  laboratory  annealing  results.  The  air  coo¬ 
ling  between  annealing  temperature  and  water¬ 
quenching  temperature  is  in  full  scale  annealing 
replaced  by  gas-jet  cooling  with  almost  the  same 
cooling  rate. 

MICROSTRUCTURE  AND  MECHANICAL  PROPERTIES 

LABORATORY  SIMULATION  OF  CONTINUOUS  ANNEAL¬ 
ING  -  As  shown  in  Fig  3.  for  the  ferritic- 
pearlitic  steel  DOCOL  420  YP  yield  and  tensile 
strengths  are  only  slightly  decraesinq  with  in¬ 
creasing  annealing  temperature  after  annealing 
between  675  C  and  800  C  for  2  minutes.  Elonga¬ 
tion  values  are  increasing  with  increasing 
annealing  temperature,  especially  in  the  inter¬ 
val  675-725°C.  The  corresponding  microstructure 


Figure  2  -  Thermal  profiles  for  labora¬ 
tory  simulation  of  continuous  annealing. 
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Figure  3  -  Mechanical  properties  after 
laboratory  simulated  continuous  anneal¬ 
ing  of  DOCOL  420  YP. 

indicates  that  the  recrystallization  is  not 
complete  at  temperatures  up  to  700  C  which  is 
the  explanation  to  low  ductility.  The  carbon 
rich  phase  changes  from  spheroidized  cementite 
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at  675°C  to  grain  boundary  situated  pearlite  at 
800  C.  The  pearlite  is  formed  during  air  cooling 
from  the  ferrite-austenite  region  down  to  the 
quenching  temperature  570°C.  The  ferrite  grain 
size  is  not  changed  dramatically  even  after 
annealing  at  800  C  which  explains  why  the  yield 
strength  is  quite  insensitive  to  the  annealing 
temperature.  The  slight  decrease  in  strength 
which  is  observed  ought  to  be  connected  with  a 
decrease  in  precipitation  hardening  at  higher 
annealing  temperature.  The  most  favourable 
annealing  temperature  for  this  ferritic-pearli- 
tic  steel  seems  to  be  around  750  C  because  duc¬ 
tility  becomes  too  low  at  lower  annealing  temp¬ 
eratures  due  to  an  incomplete  recrystallization. 

In  the  case  of  the  dual-phase  steel  OOCOL 
550  YP  both  yield  and  tensile  strengths  are  in¬ 
creasing  with  increasing  annealing  temperature 
after  annealing  between  725  C  and  850  C  for  2 
minutes,  see  Fig.  4.  Ductility  decreases  in  the 
same  temperature  interval  depending  on  an  in¬ 
creased  amount  of  martensite.  The  martensite 
fraction  ip'^reases  from  30%  at  the  annealing 
temperature  725  C  to  96%  at  850°C  annealing 
temperature.  The  most  favourable  annealing  temp¬ 
erature  range  seems  to  be  between  750  C  and 
800  C  because  yield  and  tensile  strengths  become 
too  low  at  lower  annealing  temperature  and  duc¬ 
tility  is  deteriorated  at  higher  annealing  temp¬ 
erature  . 


Figure  4  -  Mechanical  properties  after 
laboratory  simulated  continuous  annealing 
of  DOCOL  550  YP. 


FULL  SCALE  CONTINUOUS  ANNEALING  -  The 
microstructure  after  continuous  annealing  of  the 
DOCOL  RP-X  grades  is  ferrite  with  a  high  amount 
of  preferable  (111)  recrystallization  texture. 
The  ferrite  grain  size  is  about  10  um. 

The  precipitation-strengthened  steel  grades 
DOCOL  280  YP,  DOCOL  350  YP,  and  DOCOL  420  YP  are 
annealed  within  the  ferrite-austenite  region 
which  results  in  a  microstructure  of  ferrite  and 
pearlite.  The  ferrite  grain  size  is  about  6-8 
um.  In  the  steel  DOCOL  550  YP,  which  is  annealed 
and  quenched  from  a  high  temperature,  the  micro¬ 
structure  is  ferrite  and  about  30%  martensite. 
The  martensite  is  dark  because  of  a  tempering 
temperature  of  about  300  C.  The  ferrite  grain 
size  is  about  8  um. 

Typical  microstructures  are  exemplified  in 
Fig.  5  for  the  grades  DOCOL  220  RP-X,  DOCOL  350 
YP,  and  DOCOL  550  YP. 


Figure  5  -  Microstructure  after  full 
scale  continuous  annealing,  (a)  DOCOL 
220  RP-X,  (b)  DOCOL  350  YP,  and  (c) 
DOCOL  550  YP. 
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Table  6  -  Uniformity  of  DOCOL  350  YP 
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Table  5  -  Typical  Mechanical  Properties 


Grade 

Yield 

strength 

(MPa) 

Tensile 

strength 

(MPa) 

Elon¬ 
gation 
(%,80  mm) 

n 

r 

Mild  DDQ 
DOCOL 

190 

311 

43 

0.23 

1.8 

220  RP-X 

DOCOL 

250 

370 

37 

0.23 

2.0 

260  RP-X 

280 

400 

35 

0.23 

1.8 

Typical  mechanical  properties  for  DOCOL 
RP-X  are  shown  in  Table  5.  The  properties  of 
conventional  low  carbon  continuously  annealed 
mild  DDQ  steel  are  given  as  a  reference.  It  can 
be  concluded  that  in  spite  of  much  higher_yield 
and  tensile  strengths,  both  n-values  and  r- 
values  of  DOCOL  RP-X  are  comparable  to  those  of 
the  mild  DDQ  steel.  This  means  that  mild  DDQ 
steel  can  be  repaced  by  these  high-strength 
grades  without  pressforming  problems. 

Fig.  6  shows  mechanical  properties  for  the 
DOCOL  YP  grades.  Elongation  values  are  decreas¬ 
ing  with  increasing  strength  which  means  that 
the  highest  strength  levels  can  not  be  usea  for 
difficult  pressforming  operations. 

However,  in  the  applications  which  DOCOL  YP 
grades  are  used  for  variations  in  springback  is 
the  main  problem  which  means  that  consistent 
mechanical  properties  is  very  important.  The 
uniformity  in  mechanical  properties  which  is 
possible  to  obtain  by  the  continuous  annealing 
process  is  shown  in  Table  6.  The  tensile  testing 
specimens  were  taken  from  the  first  and  last  end 
of  five  coils  of  the  grade  DOCOL  350  YP  in  the 
thickness  1.60  nm.  The  total  weight  of  the  coils, 
which  were  from  the  same  heat,  was  100  tons. 
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Figure  6  -  Mechanical  properties 
after  continuous  annealing. 


Coil  no 

Yield 

strength 

(MPa) 

Tensile 

strength 

(MPa) 

Elongation 

(%,  80  mm) 

1 

380 

486 

25 

383 

478 

24 

2 

374 

473 

28 

382 

479 

26 

3 

380 

480 

26 

381 

479 

26 

4 

382 

483 

26 

381 

479 

25 

5 

381 

482 

26 

387 

478 

30 

Mean  value 

381 

480 

26 

Standard 

deviation 

+3 

+4 

+2 

Depending  on  a  spread  in  chemical  composi¬ 
tion  between  different  heats  the  spread  in  yield 
strength  is  increased  to  a  total  value  of  maxi¬ 
mum  60  MPa  for  DOCOL  RP-X  and  maximum  70  MPa  for 
DOCOL  YP  between  several  coils  from  several 
heats. 

WORK  HARDENING  AND  BAKE  HARDENING 

In  order  to  increase  the  yield  strength 
further  it  is  easy  to  obtain  bake  hardening  pro¬ 
perties  in  ultra  low  carbon  grades  if  niobium  is 
used  as  stabilizing  addition.  Bake  hardenability 
increases  if  the  annealing  temperature  is  in¬ 
creased  to  a  temperature  over  830  C  to  cause  a 
partial  dissolution  of  the  niobium  carbides,  r- 
value  is  still  high  because  the  recrystalli¬ 
zation  texture  is  fully  developed  before  the 
dissolution  of  niobium  carbides  starts  (8) .  In 
the  DOCOL  RP-X  grades  it  is  possible  to  increase 
the  yield  strength  by  about  30-40  MPa  through  2% 
prestrain  plus  baking  at  170  C  for  2  min.  With¬ 
out  predeformation  there  is  no  increase  in  yield 
strength  by  baking  which  means  that  the  steel  is 
free  from  aging  in  non-pressformed  condition. 

In  the  ferritic-pearlitic  grades  DOCOL  280 
YP,  DOCOL  350  YP,  and  DOCOL  420  YP,  the  increase 
in  yield  strength  which  is  possible  to  obtain  by 
2%  predeformation  plus  baking  at  170  C  for  20 
min.  is  limited  to  about  70  MPa. 

The  work  hardening  and  bake  hardening  pro¬ 
perties  for  the  dual  phase  steel  grade  DOCOL  550 
YP  are  illustrated  in  Fig.  7.  From  a  yield 
strength  level  of  570  MPa  the  steel  has  work 
hardened  by  an  amount  of  160  MPa  after  2%  prede¬ 
formation.  If  the  steel  is  baked  at  170  C  for  20 
min.  the  yield  strength  is  further  increased  by 
about  70  MPa.  This  means  that  the  yield  strength 
of  this  steel  grade  can  be  increased  to  about 
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Figure  7  -  Work  hardening  and  bake 

hardening  properties  of  DOCOL  550  YP. 

800  MPa  after  press  forming  and  baking  at  a 
temperature  which  is  common  in  the  automotive 
industry  for  drying  of  the  paint  coating.  The 
reason  for  the  high  work  hardenability  is  the 
fast  generation  of  dislocations  around  marten¬ 
site  islands  caused  by  the  hardness  difference 
between  the  hard  martensite  and  the  soft 
ferrite.  The  increase  in  yield  strength  by  bake 
hardening  is  caused  by  a  decoration  of  dislo¬ 
cations  by  solute  carbon. 

FORMABILITY  AND  WELDABILITY 

Table  7  shows  some  results  from  laboratory 
formability  tests  for  different  steel  grades. 

MDF  is  the  maximum  draw  ratio  defined  by  the 
maximum  diameter  of  a  round  blanket  which  can  be 
deepdrawn  to  a  cup  without  cracks,  divided  with 
the  punch  diameter  100  mm.  H/d  is  the  maximum 
dome  height  which  can  be  obtained  in  stretching 
divided  with  the  punch  diameter  100  mm.  The 
sheet  thickness,  t,  was  0. 7-1.0  mm  in  the  MDF 
and  H/d  tests. 

It  can  be  concluded  from  Table  7  that  DOCOL 
220  RP-X  is  even  better  than  a  conventional  mild 
DDQ  grade  in  deepdrawing  and  stretchforming. 

This  conclusion  is  in  good  correlation  with  the 
high  r-  and  n-values  obtained  in  this  grade. 

The  DOCOL  YP  grades  have  a  limited  deep- 
drawability  and  stretchformability  which  also 
corresponds  to  lower  r-values  than  in  DOCOL  RP-X 
grades.  One  important  conclusion  from  Table  7  is 
that  in  spite  of  a  much  higher  strength  in  DOCOL 
550  YP,  the  MDF  value  is  almost  at  the  same 
level  as  in  DOCOL  350  YP.  This  follows  from  the 
fact  that  the  r-value  is  about  1.0  in  both 
grades. 


Table  7  -  Deepdrawability ,  stretchformability, 
and  bendability 


Grade 

MDF 

H/d 

Bend  mandrel 
diameter 

180° 

Mild  DDQ 

2.19 

0.35 

0  X  t 

DOCOL  220 

RP-X 

2.24 

0.36 

0  X  t 

DOCOL  350 

YP 

2.03 

0.33 

0  X  t 

DOCOL  550 

YP 

1.99 

0.31 

0  X  t 

All  grades  mentioned  in  this  paper  can  be 
bent  180  with  a  very  small  bending  radius.  One 
exception  is  DOCOL  550  YP  where  the  bend  mandrel 
diameter  must  be  limited  to  1.0  x  t  as  a  result 
of  the  high  strength  level. 

Both  DOCOL  RP-X  and  DOCOL  YP  grades  can  be 
easily  welded  with  conventional  welding  methods. 
The  continuous  annealing  technology  makes  it 
possible  to  decrease  alloying  contents  compared 
to  conventional  batch  annealing  which  improves 
the  welding  properties. 

APPLICATIONS 

The  DOCOL  RP-X  grades  have  typical  appli¬ 
cations  in  both  outer  panels  and  non-exposed 
parts.  The  great  advantage  is  that  an  increased 
strength  can  be  obtained  without  decreasing 
formability.  This  type  of  steel  can  be  used  to 
replace  mild  DDQ  steel  even  in  very  difficult 
pressforming  operations.  The  limitation  is  that 
the  highest  minimum  yield  strength  which  is  pro¬ 
duced  today  is  260  MPa. 

Higher  yield  strengths  are  often  needed  for 
different  parts  like  side  members,  cross  mem¬ 
bers,  seat  reinforcements,  and  other  types  of 
inner  reinforcements.  In  these  applications  an 
excellent  bendability  and  a  high  consistency  in 
mechanical  properties  for  minimum  variations  in 
springback  are  important.  The  DCXIOL  YP  grades 
with  minimum  yield  strength  280  MPa,  350  MPa, 
and  420  MPa  are  very  suitable  for  these  types  of 
applications. 

The  highest  demands  on  yield  strength  are 
found  in  safety  details  like  bumper  reinforce¬ 
ments  and  door  impact  beams.  DOCOL  550  YP  has 
been  developed  to  meet  these  demands. 

Some  examples  of  pressformed  components  can 
be  seen  in  Fig.  8. 

SUMMARY  AND  CONCLUSIONS 

Continuously  annealed  high-strength  cold- 
rolled  steel  sheets  microalloyed  with  niobium 
are  successfully  produced  in  full  scale.  The 
following  key  conclusions  can  be  pointed  out 
from  laboratory  experiments  and  full  scale  pro¬ 
duction  experience: 

1.  Ultra  low  carbon  steels  solution  hardened 
with  phosphorus  are  excellent  in  both  deep- 
drawing  and  stretchforming  operations.  Minimum 
yield  strength  is  220-260  MPa. 
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Figure  8  -  Pressformed  components  in 
(a)  DOCOL  220  RP-X  and  (b)  DOCOL  350  YP. 

2.  Precipitation-strengthened  steels  with  very 
uniform  mechanical  properties  are  produced 
as  a  result  of  a  very  close  temperature 
control  in  the  annealing  process.  Uniform 
mechanical  properties  are  important  for 
minimizing  of  springback  problems  in  form¬ 
ing  operations.  Minimum  yield  strength  is 
280-420  MPa. 

3.  Different  strengthening  mechanisms  can  be 
used  at  the  same  time  to  produce  high 
strength  steel  sheet  depending  on  a 
flexible  annealing  technique.  Solid 
solution  hardening,  precipitation  harde¬ 
ning,  and  martensite  transformation  harde¬ 
ning  has  been  used  to  produce  a  steel  grade 
with  minimum  yield  strength  550  MPa. 

4.  The  yield  strength  can  be  further  increased 
by  work  hardening  and  bake  hardening.  For 
the  dual  phase  steel  DOCOL  550  YP  the  in¬ 
crease  in  yield  strength  can  be  more  than 
200  MPa  at  2%  predeformation. 

5.  Low  alloying  contents  can  be  used  because 
of  the  short  annealing  time  which  improves 
weldability. 
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INFLUENCE  OF  TM-ROLLING  PARAMETERS 
ON  PROPERTIES  OF  MICROALLOYED 
COLD  ROLLED  STEELS 


Ludwing  G.  E.  Vollrath  R.  Hack!,  Kh.  G.  Schmitt-Thomas  D.  Daub 

Verein  Deutscher  Ingenieure  Tech.  Jniversitat  Munchen  Hoesch  Hohenlimburg 

(VDI)  Munchen,  FRG  AG,  FRG 

Dusseldorf,  FRG 


Summary 

The  study  on  hand  is  to  clarify  to 
what  extent  the  control  of  the  hot- 
rolling  parameters  (finishing  tempera¬ 
ture,  final  deformation  degree,  coi¬ 
ling  temperature)  of  thermomechanical- 
ly  treated  niobium-microalloyed  fine 
grain  structural  steel  will  allow  an 
optimization  of  mechanical  characteris¬ 
tics.  To  this  end,  the  impact  of  the 
hot-rolling  parameters  on  the  precipi¬ 
tation  and  recrystallization  behaviour 
of  the  hot  strip  in  a  subsequent  heat 
treatment  was  studied.  In  respect  of 
controlled  rolling  parameters  (fini¬ 
shing  temperature  Tp,  final  deformati¬ 
on  degree  £  ^  and  coiling  temperature 
T„)  it  was  found  that,  with  a  cold 
deformation  of  the  hot  strip  by  20  % 
and  subsequent  recrystallization 

annealing  at  550,  600  and  650°C,  the 

loss  in  strength  of  the  cold  strip 
induced  by  microstructure  recovery  and 
recrystallization  processes  can  be 
clearly  compensated  in  part  by  preci¬ 
pitation  hardening  effected  by  niobium 
as  the  microalloying  element.  The 
study  shows  the  feasibility  and  re¬ 
strictions  of  strength  enhancement  in 
the  subsequent  heat  treatment. 


Introduction 

Today's  hot-rolled  strips  feature  a 
high  surface  quality  so  that  suitable 
hot-rolled  products  are  often  substi¬ 
tuted  for  conventional  cold-strip  gra¬ 
des.  However,  there  still  are  numerous 
applications  which  require  cold-rolled 
products,  i.e.  with  the  surface  quali¬ 
ty  of  the  cold  strip. 


With  microalloyed  fine-grain  structural 
steels,  such  a  cold  strip  is  subjected 
to  recrystallization  annealing  after 
cold  deformation  as  a  rule.  This,  how¬ 
ever,  results  in  a  substantial  loss  of 
all  those  mechanical  properties  which 
were  achieved  by  the  thermomechanical 
process . 

The  study  on  hand  focusses  on  recrystal¬ 
lization  annealing  of  cold  wor)<ed  hot 
strip  material,  which  is  performed  in  a 
temperature  range  in  which  niobium  car- 
bonitrides  are  precipitated,  in  order  to 
clarify  whether  or  not  a  combination  of 
microstrucLure  recovery,  recrystalliza¬ 
tion  and  precipitation  hardening  proces¬ 
ses  will  take  place  which,  in  their  sum 
total,  will  compensate  or  even  overcom¬ 
pensate  the  softening  effects  uf  the 
recrystallization  processes.  If  so,  this 
would  allow  to  adjust  associated  process 
parameters  appropriately  for  optimum 
strength  characteristics. 

The  test  method  used  differs  from  con¬ 
ventional  production  of  cold  strips  from 
niobium-microalloyed  fine-grain  steels 
and  involves  modification  of  process 
parameters.  Cold  coiling  of  the  strip 
(T^  ■<  500°C  after  hot-rolling)  is 
appliea  to  prevent  complete  precipita¬ 
tion  hai.dening,  thus  retaining  a  resi¬ 
dual  aging  potential.  After  cold 
rolling,  such  a  material  is  subjected  to 
a  subsequent  heat  treatment  which 
achieves  a  overlapping  of  recovery, 
recrystallization  and  precipitation  har¬ 
dening.  The  recovery-induced  softening 
setting  in  rapidly  is  counteracted  by 
the  formation  of  further  niobium  preci¬ 
pitates  in  the  ferrite  during  this  heat 
treatment  of  the  cold  strip  (1,  2,  3). 
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Hot-rolling  parameters  (finishing  tem¬ 
perature,  final  deformation  degree) 
are  varied  in  order  to  modify  ini¬ 
tial  conditions  in  such  a  way  as  to 
obtain  optimum  properties  with  as  good 
a  combination  of  high  strength  and 
high  ductility  as  possible  after  this 
treatment  combining  cold  rolling  and 
subsequent  annealing. 

Such  materials  will  be  attractive  for 
industry,  since  cold  rolling  plus 
thermal  after-treatment  will  allow  to 
preset  or  "standardize"  a  condition 
which  cannot  be  achieved  except  by 
additional  upgrading  of  carbon  steels. 
Yield  strengths  of  c.  650  N/mm^  and 
tensile  strengths  of  c.  700  N/mm’  at 
elongations  (A5)  of  c.  18  %  and  over 
can  be  achieved  with  such  a  procedure. 

Thermomechanical  Treatment 

In  principle,  thermomechanical  rolling 
means  a  procedure  involving  targeted 
setting  and  matching  of  temperatures 
and  deformation  conditions  throughout 
•■he  whole  orocess.  The  outcome  is  a 
favourable  combination  of  materials 
properties  already  achieved  in  the  as- 
rolled  condition  which,  as  a  rule, 
dispenses  with  any  subsequent  heat 
treatment  of  the  hot  strip. 

The  term  of  thermomechanica 1 ly  rolled 
steels  emerged  in  the  development  of 
microalloyed  fine-grain  steels.  Ther¬ 
momechanical  rolling  allows  to  use 
sophisticated  automatic  process  con¬ 
trol  for  targeted  setting  and  monito¬ 
ring  of  rolling  temperatures,  deforma¬ 
tion  degress  and  cooling  rates  after 
hot-rolling  so  that  defined  and  repro¬ 
ducible  materials  conditions  can  be 
set  to  obtain  after  cooling  of  the 
rolled  product  in  coil. 


Figure  1  gives  an  overview  on  the  most 
important  processes  occurring  in  the 
hot  strip  during  thermomechanical  pro¬ 
duction  (4,5).  These  metallurgical 
processes  take  place  concurrently  from 
austenitizing  of  the  material  in  the 
pusher  furnace  via  hot  deformation  to 
subsequent  cooling  in  the  cooling  sec¬ 
tion  and  coil.  They  overlap  in  time 
and  influence  each  other.  The  mode  of 
action  of  microalloying  elements  (like 
Nb,  Ti  and  V)  and  application  of  suit¬ 
able  deformation  technology  allow  to 
effect  tailored  conditions  in  term,  of 
grain  refinement,  agehardening  and 
transfer  of  the  substructure  of  the 
hot-deformed  austenite  to  the  trans¬ 
formation  structure  (6,  7). 


Production  of  Hot  Strip 

Figure  2  shows  the  chemical  composi¬ 
tion  of  the  alloy  used.  Al-killed  con¬ 
tinuous-cast  slabs  from  a  single  smel¬ 
ting  charge  were  available  for  appli¬ 
cation  in  the  hot-rolling  mill.  The 
chemical  composition  of  this  low-fer¬ 
rite  steel  shows  strongly  reduced  con¬ 
tents  of  sulphur  and  phosphorus  and 
has  no  microalloying  elements  other 
than  niobium. 


C 

Si 

Mn 

p 

s 

Al 

Nb 

N 

Cu 

Cr 

Ni 

A.B.C.D. 

E.F.G 

0,09 

0,03 

0.72 

0.011 

0.002 

0.049 

0.046 

0,008 

0,02 

0.02 

3.02 

Fig.  2:  Hot  strip  composition 
(in  weight  percent) 
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Fig.  1:  TM-Product ion  of  hot  strip  (4) 


The  material  was  thermomechanically 
rolled  on  tne  medium-strip  rolling 
mill  of  the  Hoesch  Hohenlimburg  AG 
company.  This  medium-strip  rolling 
mill  comprises  a  reversing  preroll 
stand  and  2  two-high  and  7  four-high 
roll  stands  in  the  continuous  working 
section,  and  is  equipped  with  a  pro¬ 
cess  automation  system.  The  laminar 
cooling  section  is  equipped  with  50 
individually  controlled  elements  and 
is  also  integrated  with  the  computer 
system  thus  allowing  necessary  control 
actions  to  be  performed  anytime  and 
anywhere  ir.  the  line.  Seven  different 
hot-rolling  variations  were  set  for 
the  production  of  hot  strips  A  -  G 
(cf .  fig.  3)  . 
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Hot 

Strip 

Dimenaion 

(mm) 

Annealing 
Temp. 
^Ann  GC) 

Anneoling 

Time 

Finiahing 

Temp. 

Tf  Cc) 

Final 

Deform. 

ep  (*) 

Coiling 

Temp. 

Tc  CC) 

A 

390x3.5 

1290 

3h40' 

850 

20 

490 

B 

390x3.5 

1290 

3h50' 

900 

12 

490 

C 

390x3.5 

1290 

3h55' 

900 

20 

490 

D 

390x3.5 

1290 

3h50' 

900 

20 

590 

E 

390x3.5 

1290 

3h50‘ 

950 

12 

540 

F 

390x3.5 

1290 

3h50' 

930 

12 

490 

G 

390x3.5 

1290 

3h55‘ 

930 

20 

490 

Fig.  3:  Hot  rolling  parameters 
of  test  material 


Finishing  temperature,  final  deforma¬ 
tion  degree  after  the  last  rolling 
pass,  and  coiling  temperature  were 
varied  while  maintaining  the  other 
hot-rolling  parameters  constant  to  a 
large  extent.  A  lowered  coil  tempera¬ 
ture  of  490”C  was  revealed  by  earlier 
studies  to  be  optimal  for  further  pro¬ 
cessing  of  the  hot  strip  (1,8,9). 

Rapid  cooling  of  the  strip  down  to 
this  temperature  level  results  in  par¬ 
tial  suppression  of  the  formation  of 
niobium  precipitates  in  the  ferrite  - 
a  fact  which  can  be  used  as  residual 
aging  potential  in  recovery  annealing 
after  cold  rolling. 


The  hot  strips  A  -  G  described  in 
fig.  3  were  subjected  to  cold  deforma¬ 
tion  by  20  %  in  total  in  two  rolling 
passes  after  thermomechanical  treat¬ 
ment.  Subsequent  recrystallization 
treatment  was  effected  in  a  bell  fur¬ 
nace.  Figure  4  shows  a  schematic  re¬ 
presentation  of  the  total  production 
of  the  cold  strip  though  it  should  be 
mentioned  that  a  skin  pass  roll  redu¬ 
cing  the  strip  by  1,2  %  was  included 
after  the  heat  treatment. 
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Fig.  4:  T ime-Temperat u re-Diagi am 
of  TM-treatment 


Hot  Strip  Microstructure  and 
Mechanical  Properties 


Figure  5  gives  an  overview  on  the 
grain  sizes  of  the  hot  strips.  Hot 
strip  A  exhibits  a  very  fine  grain 
effected  by  the  low  finishing  tempera¬ 
ture  of  850°C. 

All  grain  sizes  of  hot  strips  B  -  G 
are  in  the  fine  grain  range  and  clas¬ 
sify  as  sizes  11  and  12  according  to 
ASTM  standard  E  79-52.  The  grain  size 
of  hot  strip  A  classifies  as  13. 


HOT  STRIP 

Fig.  5;  Grain  size  of  hot  strip 


The  mechanical  properties  of  the 
various  hot  strips  are  approximately 
the  same.  Mechanical  testing  yielded 
the  following  data: 


Tensile  strength  Rm:  550 
Yield  point  Re:  460 
Elongation  A5:  29 


750  N/mm’ 
480  N/mm' 
30  % 


In  order  to  study  the  precipitation 
behaviour  cf  the  hot  strips,  they  were 
aged  in  a  salt  pot  furnace  at  tempera¬ 
ture  levels  of  550,  600,  and  650°C  and 
at  dwell  times  between  0  and  10,000 
min.  Hardness  measurements  (HV20)  were 
performed  at  regular  intervals.  The 
results  are  shown  in  figures  6  a-e. 
The  low  coiling  temperature  was  found 
produce  strength  enhancement  in  subse¬ 
quent  heat  treatment  owing  to  the  for¬ 
mation  of  niobium  carbonitride  preci¬ 
pitates  which  influence  recrystalliza¬ 
tion  retardation  and  inhibit  disloca¬ 
tion  movement. 
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HARDNESS  (HV20)  HARDNESS  (HV20)  HARDNESS  (HV20)  HARDNESS  (HV20) 


1  10  100  1000  10000 
AGING  TIME  (min.) 


1  10  100  1000  10000 
AGING  TIME  (min.) 


10  100  1000  10000 
AGING  TIME  (min.) 


1  10  100  1000  10000 


AGING  TIME  (min.) 


AGING  TIME  (min.) 

Fig.  6  e:  Hardness  changes  of 

hot  strip  during  aging 


The  hot  strip  with  a  higher  coiling 
temperature  of  590°C  (hot  strip  D) 
showed  hardly  any  tendency  to  precipi¬ 
tation  hardening;  neither  did  not 
strip  A  with  its  low  finishing  tem¬ 
perature  . 


Properties  of  the  Cold  Strip 

Precipitation  in  niobium-microalloyed 
low-pearlite  steels  occurs  at  the  same 
temperatures  as  recrystallization 
does.  Hence,  the  hot  strip  was  cold- 
deformed  by  20  %  and  isothermally 
annealed  in  order  to  study  the  inter¬ 
action  between  carbonitride  precipita¬ 
tion  and  recrystallization  and  its  im¬ 
pact  on  mechanical  properties. 

Figure  7  shows  the  mechanical  charac¬ 
teristics  of  the  20  %  cold-deformed 
strip  with  and  without  thermal  after- 
treatment.  It  was  found  that,  in  de¬ 
pendence  from  the  hot  rolling  para¬ 
meters,  a  12  h  industrial  heat  treat¬ 
ment  in  a  bell  furnace  partially  re¬ 
sulted  in  a  clear  increase  in  tensile 
strength.  In  each  of  the  cold-rolled 
conditions,  the  yield  point  values 
were  found  to  decrease  due  to  recovery 
and  recrystallization  processes  indu¬ 
ced  by  heat  treatment,  whereas  tensile 
strength  and  elongation  exliibited 
higher  values  after  heat  treatment. 


Fig.  6  a-d;  Hardness  changes  of 

hot  strip  during  aging 
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Fig.  7:  Mechanical  properties  of 
cold  strip 


Figure  7  reveals,  when  taking  the  dif¬ 
ference  of  tensile  strength  increases 
in  the  course  of  heat  treatment  in  ab¬ 
solute  terms,  the  highest  strengths 
were  found  in  the  hot  strips  with  the 
lowest  degree  of  deformation  in  the 
last  rolling  pass  of  12  %  (hot  strips 
E,  D  and  F).  Higher  finishing  tempera¬ 
tures  combined  with  a  low  deformation 
degree  of  12  %  in  the  last  rolling 
pass  (hot  strip  E)  were  found  to 
possess  the  greatest  precipitation 
potential  for  a  subsequent  heat  treat¬ 
ment  of  the  cold  strip.  Vhe  absolute 
values  tor  the  increase  of  elongation 
A5  for  these  conditions  were  remarkab¬ 
le,  too. 

At  a  20  %  deformation  in  the  last  roll 
stand,  nor  or  only  slight  strength  in¬ 
creases  of  the  aged  cold  strip  were 
found.  In  the  case  of  low  finishing 
temperatures  (hot  strip  A  and  C)  the 
strength  of  the  20  %-deformed  niobium- 
microalloyed  material  will  decrease 
after  thermal  treatment. 


AGING  TIME  (min.) 

Fig.  8:  Hardness  changes  of  cold 
strip  E  during  isothermal 
heat  treatment 


Figure  8  depicts  the  influence  ''  an 
isothermal  heat  treatment  on  the  hard¬ 
ness  of  strip  E.  It  is  shown,  that 
annealing  at  550°C  will  led  to  higher 
hardness  values  than  the  cold  strip 
condition  over  the  whole  range  of 
reported  annealing  time  (up  to  10.000 
min.).  Even  annealing  at  650°C  showed 
an  increase  in  hardness  upto  an  annea¬ 
ling  time  of  200  min. 


Conclusions 

The  results  of  these  studies  on  the 
influence  of  the  hot-rolling  para¬ 
meters  (finishing  temperature,  final 
deformation  degree,  coiling  tempera¬ 
ture)  of  niobium-microalloyed  low- 
pearlite  structural  steel  show  that 
optimization  of  hot-rolling  parameters 
will  allow  to  produce  a  microalloyed 
fine-grain  structural  steel  which  will 
feature  tensile  strength  values  after 
cold  rolling  and  subsequent  recrystal¬ 
lization  annealing,  which  will  be 
higher  than  those  of  the  cold-rolled 
non-aged  condition. 

These  favourable  tensile  strength  va¬ 
lues  were  due  to  precipitation  harde¬ 
ning  via  Niobium  carbon i t r ides  coun¬ 
teracting  and  overcompensating  the 
effects  of  recovery  and  recrystallisa¬ 
tion.  These  heat-treated  cold-strip 
conditions  show  markedly  greater 
toughness  values  thus  indicating  a 
enhanced  safety  reserve  of  the  mate¬ 
rial  . 
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MICROALLOYED  STEELS  FOR  AUTOMOBILES— 
DEVELOPMENTS  AT  TATA  STEEL 


M.  0.  Maheshwari,  A.  N.  Mitra,  T.  Mukherjee,  J.  J.  Irani 

The  Tata  Iron  &  Steel  Co.  Ltd. 

Jamshedpur-831001,  India 


1)  ISTRODUCTIOIf 

In  response  to  drastic  increases  in  oil 
prices  over  the  past  decade  and  a  half,  auto 
manufacturers  worldwide  have  made  signif  icant 
progress  in  producing  low  cost,  fuel  efficient 
vehicles .  Two  main  avenues  were  identified  in 
successful  attainment  of  these  objectives: 

i)  Reduction  of  the  weight  of  vehicles  - 
Apart  from  downsizing ,  this  has  been  achieved 
through  improvement  of  power  train  efficiency 
and  use  of  higher  strength  steels.  The  trend 
of  vehicle  weight  reduction  in  U.S.  passenger 
cars  is  indicated  in  Fig.  1.  ^  Analysis  of 
the  cost  of  various  materials  as  a  function  of 
their  weight  reduction  potential,  clearly 
suggests  that  microalloyed  steels  have  the 
best  cost  advantage  as  compared  to  other 
materials ■ 

ii)  Energy  saving  -  Addition  of 
microalloying  elements  to  various  medium 
carbon  and  low  alloy  forging  quality  steels 
has  eliminated  the  need  for  heat  treatment  of 
various  components  used  in  automobiles 
without  affecting  their  toughness,  fatigue 
behaviour  machinability ,  etc. 

In  India  the  automobile  industry  has  been 
growing  at  a  fair  rate.  Actual  production  of 
cars  and  two  wheelers  in  1985  and  in  1987, 
along  with  the  projected  trends  for  1990  are 
indicated  in  Fig.  2.  Not  unexpectedly, 
has  the  cost  of  production  of  vehicles  risen. 
An  example  of  the  trend  of  rise  in  the  cost  of 
chassis  for  buses  is  indicated  in  Fig.  3.  ^ 


industry  both  for  weight  reduction  as  well  as 
for  energy  saving.  Some  of  these  steels  have 
already  been  commercialized,  whereas ,  others 
are  in  an  advanced  stage  of  being  commercially 
produced.  This  paper  discusses  the 
developmental  efforts  undertaken  at  TATA  STEEL 
in  the  development  and  production  of 
microalloyed  steels  for  the  automobile 
industry. 
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Considering  the  enormous  potential  of  HSLA 
steels,  TATA  STEEL  had  taken  the  initiative  a 
decade  ago  to  develop  various  grades  of 
microalloyed  steels  for  diverse  applications 
(3-5).  More  recently,  however,  efforts  have 
been  directed,  in  specifically  developing 
microalloyed  steels  for  the  automobile 


FIG.-1  CAR  WEIGHT  AND  FUEL  ECONOMY 
TRENDS  IN  U.  S  (1) 
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CAST  NO.:  M06627 

COMPOSITION  :  C=  0-07  %  ,  Mo^  0-45%  ,  P  =0-024  %  , 
S  =  0-021  %,Si  =-106  %  ,  V  =  0-10  % 
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FIG.  4  SCHEMATIC  PROCESS  ROUTE  FOR  THE  PRODUC¬ 
TION  OF  LONG  MEMBERS  FOR  TRUCK  CHASSIS . 
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FIG -2  PRODUCTION  TRENDS  OF  CARS  AND 
TWO  WHEELERS  IN  INDIA  (2) 

2.  FACILITIES 

Hicroalloyed  steels  are  produced  from  two 
different  routes:  (a)  open  hearth  furnace  and 
(b)  ID-  VAD  route  for  applications 
necessitating  low  levels  of  inclusions  and 
other  residuals.  As  yet,  since  there  is  not 
bloom  or  slab  caster  in  the  Company,  liquid 
steel  from  the  two  different  routes  are  cast 
into  either  narrow-end-up  or  wide- end-up 
ingots.  The  ingots  are  soaked  in  soaking  pits 
at  a  temperature  1250-130(Pc  and  rolled  into 
blooms  or  slabs  in  one  of  the  two  blooming- 
slabbing  mills  of  the  Company.  The  blooms/ 
slabs  are  inspected ,  dressed  and  then  rolled 
into  finished  products  in  one  or  more  of  the 
finishing  mills  within  the  Company  or 
outside . 

3  .  DEVEWPHEHT  AHD  OOHHERCIAUZATIOH 

3 . 1  Flat  Products 

CHASSIS  HEHBERS  for  TOICKS:  The 
total  demand  for  these  members  in  India  is 
about  60,000  t.p.a.,  and  almost  all  of  it  is 
currently  imported .  Grades  of  steel  commonly 
used  for  these  members  are  indicated  in  Table 
1 . 

Commercial  trials  were  carried  out  for 
producing  the  E-28  grade.  The  details  of  the 
cast  involved  and  the  route  chosen  for  the 
production  of  this  grade  are  schematically 
indicated  in  Fig.  4.  Obviously  the  fine 
balance  of  properties ,  a  combination  of  high 
yield  strength  and  high  elongation/ductility, 
had  to  be  met  through  controlled  finishing 
temperatures  and  reductions  given  in  the  last 
stages  of  deformation.  Preliminary  trial 
production  resulted  in  yield  strengths  far 


FIG. -3  CHASSIS  COST  FOR  BUSES 
(RUPEES)  (2) 

exceeding  the  minimum  stipulated  requirements , 
and  cracking  of  long  members  formed  out  of 
these  strips.  Microstructures  of  these  failed 
strips  indicated  mixed  grain  size  and  also 
incomplete  recrystallization .  Cti 

investigation  it  was  found  that  in  some  cases 
the  finishing  temperatures  were  lower  than 
800°C,  In  order  to  lower  the  yield  point  and 
consequently  improve  formability ,  the 
following  steps  were  taken  in  the  subsequent 
trials: 

a.  Temperatures  in  zones  3  6c  6  of  the 
Tunnel  furnace  were  maintained  at  1250°C  and 
1300°C  respectively.  instead  of  1200’^C  and 
1250°C. 

CHEWICAI.  CCMPOSlTlCt; 


E  ES 

e  3-a 

E  38 

E  42 

%  fARBON 

0.  12 

0 . 1  mi'.  X 

0 . 10  max 

0 , 10  max 

*  PHOSPHOROUS/ 

SULPHUR 

C.OJ 

0.03  max 

0.03  max 

0.03  max 

X  NIOBRIM 

- 

0.06  TT.ax 

0.06  max 

0.06  max 

X  MANGANESE 

0.80 

0.70  T'ax 

1 . 00  max 

1 . 20  m.ax 

X  ALUMINUM 

-- 

0.02  min 

0.02  min 

0.02  min 

*  SILICON 

- 

Trace 

Trace 

Trace 

TENSILE  PROPERTIES 

VIELO  STRENIJH 
(kg/mn?  ) 

E  28 

E  3a 

E  38 

E  42 

28  min 

34-40 

38  fr  In 

42  nln 

TENSILE  STRENGTH 
(kg/im?) 

38  min 

40-50 

45-57 

49-61 

X  ELONGATION 
(Lo  =  5.65  /So) 

2?  min 

27  min 

25  min 

23  min 

TABLE  -  V. 

GRADES  OF 

STEEL  FOR 

CHASSIS  MEMBERS 
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b.  Slabs  were  adequately  soaked  in  the 
furnace.  No  slab  was  drawn  from  the  furnace 
until  it  had  reached  a  temperature  of  1210^C 
minimum. 

c.  Flow  of  cooling  water  in  the  Planetary 
and  Planishing  Mill  stands  were  decreased . 

d.  Reduction  at  the  Planishing  Hill  was 
reduced  from  a  level  of  18/20%  previously ,  to 
a  level  of  10%. 

It  was  observed  that  with  these  steps,  the 
finishing  temperatures  were  in  the  range  of 
approximately  850°C  as  compared  to  760/780^0 
in  the  earlier  trials.  Samples  were  collected 
from  each  slab  and  their  properties  assessed . 
These  are  indicated  in  Table.  2.  It  was  found 
that  the  properties  of  the  long  members  were 
quite  consistent  -  yield  strength  varied 
between  34  and  37  kg/mn?  and  elongation  varied 
from  27  to  30%.  Samples  tested  for  bend 
revealed  that  they  could  withstand  a  bend  of 
0.5  t,  which  reflected  the  good  formability  of 
t'.e  members.  ASTM  grain  size  was  found  to  be 
in  the  range  of  7  to  7H.  These  strips  could 
be  successfully  formed  into  chassis  members 
without  cracking . 

PROPELLER  SHAFT:  These  tubes  used  to 
be  manufactured  in  the  Tubes  Division  of  the 
Company  from  conventional  plain  carbon  steel 
strips  through  the  ERW  process  followed  by 
cold  drawing.  To  meet  the  desired  physical 
properties ,  a  minimum  carbon  equivalent  of 
0.2i%  had  to  be  maintained .  Reduction  of 
carbon  equivalent  to  improve  weldability  and 
ductility  was  successfully  attempted  through 
microalloying.  The  chemical  composition  and 
physical  properties,  of  conventional  plain 
carbon  and  microalloyed  propeller  shaft  tubes, 
are  indicated  in  Table  3. 

3 .2  Forging  Quality  Steels 

The  development  of  microalloyed  forging 
quality  steels  for  the  automobile  industry  is 
relatively  more  recent,  compared  to  the 
concept  of  microalloying  in  structural  steels. 
In  the  latter,  the  idea  is  to  increase 
strength  of  the  steel  through  grain  refinement 
or  to  lower  the  carbon  equivalent  (to  improve 
the  formability/weldability)  for  the  same 
strength  level.  The  concept  of  addition  of 
microalloying  elements  to  medium  carbon  and 
low  alloy  forging  quality  steels  is  grain 
refinement  and  for  the  purpose  of  eliminating 
costly  heat  treatment  of  the  finished  products 
rather  than  weight  reduction .  This  concept 
is,  however,  finding  a  very  rapid  growth  rate 
in  recent  years  all  over  the  world  (6,7). 
Reputed  auto  manufacturers  in  different 
continents  have  accepted  the  usefulness  of 
addition  of  microalloying  elements  in 
conventional  forging  quality  steels.  It  has 
been  reported  that  (8)  crank  shafts  forged  by 


MATERIAL 

CHEMICAL 

COMPOSITION 

TYPICAL 

PHYSICAL 

PROPERTIES 

OTHER 

FEATURES 

PLAIN  CARBON 

C5!  0.18/0.23 

MnT  0.35/0.50 

‘'a'  . . 

U.T.S,  ? 

52  Kgf/irm 

Elongation, 

%  -  10 

Coarse 

■structure  with 
m-'nor  amount  of 
pearlite  at 
grain  boundaries. 
Hardness  of  HAZ  - 
160/190  VPN. 

Ccrbcn  -  0.E4 
min  equivalent 

MICRO  ALLOYED 

C%  0.1?  max. 

Mn%  0.70  rriax. 

Micro- 
al loying 
elements  - 
0. 10%  max. 

Y.S.  -  2 

48  Kgf/mrr 
U.T.S  -  2 

55  Kgf/mm 

F  ine  ferritic 
structure. 
Hardness  of 

HAZ  -  150/170  VPN 

Carbon  - 
0.20  max. 
equivalent,% 

Elongatior- 
%  -12 

TABLE  -  3j_CHEMICAL  COMPOSITION  AND  PHYSICAL 
PROPERTIES  OF  PROPELLER  SHAFT  TUBES 


COIL 

THICKNESS 

YIELD 

TENSILE 

BEND 

ELONGN 

NC. 

(irm) 

STRENGTH 
(kg/rrrf  ) 

STRENGTH 
(kg/mi?  ) 

TEST 

(X) 

1  L 

7.17 

36.14 

44.54 

-- 

28.57 

1  T 

7.21 

36.58 

45.80 

OK(0.5T) 

27.05 

2  L 

7.09 

34.10 

44.07 

-- 

29.91 

2  T 

7.00 

37.02 

44.90 

0K(0.5T) 

29.71 

3  T 

-- 

-- 

0K(0.4T) 

— 

TABLE  2  il  PROPERTIES  OF  E  28  CHASSIS  MENMBERS  ROLLED 
AT  AHMEDABAD  ADVANCED  MILLS,  NAVSARI 


Gerlach  Werke  for  Volkswagen,  Audi,  and 
Daimler-Benz  lutomobiles  have  been  entirely 
converted  from  hardened  and  tempered  steels  to 
microalloyed  steels  within  a  decade. 
Microalloyed  49MnVS3  is  also  being 
increasingly  used  for  truck  crank  shafts,  37% 
in  1982.  (8) . 

A  wide  variety  of  medium  and  plain  carbon, 
and  low  alloy  forging  quality  steels,  is  used 
by  different  auto  manufacturers  in  the 
production  of  different  parts/components , 

e.g.,  crank  shafts,  connecting  rods,  steering 
arms,  steering  levers,  axle  shafts,  steering 
worms,  hubs,  etc.  These  parts /components  are 
usually  forged  out  of  basic  steel  bars/rods 
supplied  by  steel  makers,  followed  by  heat 
treatment  and  machining .  Out  of  several 
grades,  three  popular  grades  were  identified 
for  microalloying  trials,  viz.,  C-^5,  20HnCrl 
and  SAE  15^1. 
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The  Steel  Company  supplies  125nm  dia  C-i5 
steel,  used  as  raw  material  for  manufacture  of 
front  hubs  of  trucks,  after  two  stages  of 
forging  and  heat  treatment  consisting  of 
quenching  and  tempering .  Niobium  treated  C-i5 
steel  was  supplied  with  the  objective  of 
eliminating/reducing  the  final  heat  treatment. 
The  results  of  the  trial  were  as  follows: 

Chemical  Composi tion 

%C  -  0.52,  %Si  -  0.23,  %Hn  -  0.81,  %S  -  0.04 
Hechaaical  Properties 


Impact/ 


U.T.S. 

Y.S. 

Elong. 

R.A. 

Chairpy 

Kg/iW 

Kg/ma/ 

% 

% 

Mkg/cIB^ 

As  Rolled 

1  .25/ 

125a«  di« 

72 .5 

40.7 

17.0 

30.5 

2.25 

As  Rolled 

1  .50 

to  60aH 

69  .0 

37.1 

1  8  .0 

43  .8 

2.10/ 

square 

As  for9ed 

17.5/ 

41/ 

1  .0/ 

t  o  hub 

71  .73 

— 

19 

43 

3  .75 

Though  the  mechanical  properties  were 
fully  met,  the  impact  properties  of  the  Hubs 
were  inconsistent  and  generally  on  the  lower 
side.  However,  on  normalizing  the  impact 
properties  improved  significantly  to 
4-6Hkg/ca^  ,  and  the  auto  manufacturer  decided 
to  manufacturer  the  front  hub  with 
normalizing  treatment  only  instead  of  the 
costly  quenching  and  tempering  route. 

125mm  dia.  20HnCr5  grade  of  steel  is 
supplied  for  manufacturer  of  truck  crown 
wheels  following  forging,  case  carburising , 
and  oil  quenching  and  tempering .  Since 
separate  heat  treatment  was  carried  out 
following  the  carburising  treatment ,  an 
attempt  was  made  to  replace  the  conventional 
steel  by  microalloyed  steel,  which  would 
enable  direct  quenching  after  carburising  at 
a  temperature  higher  (970°C)  than  the  normal 
910 -920° C .  Separate  trials  were  carried  out 
with  Niobium  and  Titanium  added  steels,  the 
results  of  which  are  indicated  below: 


B .  Tensile  Properties 

(Forged  down  from  125  to  60  mm  dia. 

and  normalized) 


UTS(kg/aa?  ) 

74  (mai) 

65.8 

66.7 

Y.S.  (kg/mn?^ 

— 

47.2 

45.2 

Elongation% 

— 

15.0 

16.0 

C.  Treatment 

Carburising  910-920® C 
separate  QStT 

970-98(fiC 
direct  O&T 

970 -980° C 
direct  Q&T 

D .  ProDerties 

after  heat  treatment 

Jominy 

Hardenability 

J5 

36.48  Sc 

40.5  Sc 

42  Sc 

J30 

34  Sc  (max)  25  Sc 

24  Sc 

ASTM  Grain 
Size 

5  -  8 

7  -  8 

7  -  8 

Based  on 
obtained ,  the 
in  for  large 

the  satisfactory  results 
auto  manufacturer  decided  to  go 
scale  commercial  trials  in 

lOOmm^  billecs  of  SAE-1541  composition  is 
supplied  for  the  manufacturer  of  steering 
arms  of  tractors.  The  component  after  final 
heat  treatment  should  have  high  yield 
strength  (520  kg/mn^) .  and  yet,  high  _ 
elongation  (14%  mimum)  and  RA  (35%  minimum 
values)  to  withstand  cold  splicing.  Niobiim 
treated  steel  was  supplied  with  the  objective 
of  eliminating  the  costly  quenching  and 
tempering  treatment .  The  results  of  the 
trials  are  as  follows: 


Chemical  Ckmpcisition 

%C  -  0.37,  %Hn  -  1.43,  %S  -  0.021, 
%P  -  0.01,  %Nb  -  0.043,  %Al  -  0.018 


Processing 


A .  Cheaistrr 


Specified 

Mb- treated 

Ti- treated 

%C 

0.17-0.22 

0.18 

0.17 

iMn 

1.00-1.40 

1.18 

1.20 

%Si 

0.10-0.35 

0.27 

0.23 

%S 

0.02-0.035 

0.022 

0.023 

tP 

0.035  max 

0.020 

0.020 

tCr 

1.00-1.30 

1.08 

1.10 

100mm  sq  -  rolled  to  50mm  dia  -  Forged 
(1200  -  1050°C) 

Hechanical  Properties 

y.S.  Kg/ma?  ■  52.9, 

U.T.S.  Kg/mn?  -  80.5, 

%Elongation  -  18,  SRA  -  40.5, 

Hardness  -  240  HV 

With  the  final  properties  having  been 
achieved  successfully,  the  tractor 
manufacturer  has  expressed  a  desire  to  go  in 
for  large  scale  trials  with  the  SAE  1541 
Niobium  steel . 
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conclusion:  In  India  Che 

automobile  industry  is  growing  at  an 
accelerated  rate  Chan  ever  before.  The  cost 
of  petroleum  in  Che  country  is  amongst  Che 
highest  in  the  world.  In  these  contexts ,  it 
is  all  Che  more  imperative  for  the  auto 
manufacturers  in  Che  country  to  produce  not 
only  fuel  efficient  vehicles  but  also  to 
bring  down  the  cost  of  the  vehicles . 
Hicroalloying  can  serve  the  dual  purpose  of 
reducing  the  weight  of  the  vehicles  and  Che 
cost  of  various  parCs/components  through 
eliminaCion/reducCion  of  the  heat  process(es) 
involved.  Examples  cited  in  Che  paper 
clearly  indicate  the  initiative  taken,  both 
by  the  Steel  Company  and  some  of  Che  auto 
manufacturers  in  Che  country,  in  this 
regard.  It  is  expected  that  microalloyed 
steels  will  find  wide  scale  usage  in  Che 
country  within  Che  next  decade. 
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PRODUCTION,  PROPERTIES  AND  APPLICATION 
OF  HSLA  STEELS  IN  CRANE  AND 
VEHICLE  CONSTRUCTION 


J.  Degenkolbe,  B.  Musgen,  U.  Schriever 

Thyssen  Stahl  AG 
Kaiser-Wilhelm-SIr.  100 
D-4100  Duisburg  11,  FRG 


ABSTRACT 

The  present  paper  describes  the  application  of 
HSLA  steels  in  crane  and  vehicle  construction. 
After  a  survey  of  the  steel  grades  used,  a  re¬ 
port  is  given  on  metallurgical  progress,  and  mo¬ 
dern  rolling  and  heat  treatment  methods  are  pre¬ 
sented.  For  normalised,  TM-rolled  and  QT  steels, 
the  strength  and  toughness  properties,  as  well 
as  the  forming  and  welding  characteristics  are 
explained.  Finally  examples  are  given  from  vari¬ 
ous  areas  of  application. 


HSLA  STttLS  are  used  extensively  in  modern  ve¬ 
hicle  construction  and,  thanks  to  their  good 
characteristics,  they  have  proven  themselves 
superbly.  The  commercial  vehicles  used  in  the 
different  sectors  of  material  handling  and  trans¬ 
port,  e.g.  trucks,  tankers,  mobile  cranes,  dumper 
trucks  or  track-bound  heavy  goods  vehicles,  have 
to  satisfy  specific  requirements  according  to 
their  intended  use. 

HSLA  steels  are  frequently  used  for  especial¬ 
ly  important  components  of  the  structure.  Thus 
they  are  used  for  longitudinal  and  transverse 
girders  on  trucks,  rear  axle  bridges,  frames, 
supports  and  struts,  crane  booms,  wheel  disks, 
structural  pipes  and  tanker  vessels  (1){2).  By 
utilising  the  specific  advantage  of  these  steels, 
namely  high  strength  combined  with  excellent  work¬ 
ability,  it  is  possible  to  make  structures  which 
display  not  only  a  high  load-bearing  capacity,  but 
also  a  favourable  ratio  of  play  load  to  dead  load. 

A  look  at  the  historical  development  of  weld¬ 
able  structural  steelc  chnwc  since  the  in¬ 

troduction  of  the  steel  St  52  about  50  years  ago, 
special  alloys,  rolling  techniques  and  heat  treat¬ 
ments  have  been  used  to  develop  steels  which  to¬ 
day  cover  an  extraordinarily  broad  range  of  ap¬ 
plication  with  their  spectrum  of  properties.  This 
has  been  made  possible  by  the  consistent  applica¬ 
tion  of  the  wellknown  strengthening  mechanisms  (3) 
(4). 


STEEL  GRADES  FOR  COMMERCIAL  VEHICLE 
CONSTRUCTION 

The  grades  of  steel  used  in  the  construction 
of  commercial  vehicles  have  to  display  various 
chemical  compositions  and  they  have  to  be  pro¬ 
duced  by  optimised  manufacturing  procedures  in 
order  to  ensure  the  best  possible  ratio  cost- 
effectiveness  for  the  intended  application.  For 
this  reason,  use  is  made  of  variously  alloyed 
steels  which  have  been  normalised,  normalising 
rolled,  thermomechanical ly  rolled  or  quenched 
and  tempered.  Such  steels  display  excellent  for- 
mability  and  are  extremely  suitable  for  welding 
(5)(6)(7). 

Figure  1  shows  the  usual  grades  of  steel 
with  a  minimum  yield  strength  range  of  210  to 
960  N/mm^,  their  alloying  concept  and  the  plate 
thickness  ranges  normally  used. 
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Fig.  1  -  Plate  and  strip  for  the  construction  of 
commercial  vehicles 

For  the  minimum  yield  strength  range  of  210 
to  460  N/mrn^,  use  is  made  of  unalloyed  or  alloyed 
steels  with  low  carbon  contents  and  a  fine-grain 
structure.  They  are  supplied  in  normalised  or  nor¬ 
malising  rolled  condition  in  the  rorm  ot  fiat 
products  with  thicknesses  of  up  to  16  mm. 

For  the  minimum  yield  strength  range  of  340 
to  700  N/mm*,  there  are  micro-alloyed,  thermome- 
chanically  rolled  fine-grain  structural  steels. 
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Because  of  their  reduced  carbon  content,  they 
have  a  very  low  perlite  or  carbide  fraction  in  a 
fine-grain  microstructure. 

Quenched  and  tempered  fine-grain  structural 
steels,  especially  in  greater  plate  thicknesses, 
satisfy  the  most  rigorous  requirements  concerning 
strength  and  ductility  characteristics.  These  are 
steels  whose  chemical  composition  and  production 
process  are  adjusted  in  such  a  way  that  minimum 
yield  strengths  in  the  range  of  450  to  960  N/mm^ 
are  achieved. 

Figure  2  shows  typical  chemical  compositions 
for  important  steel  grades  used  for  the  construc¬ 
tion  of  commercial  vehicles.  With  increasing 
strength  it  is  possible  to  make  savings  in  mate¬ 
rial  and  fabrication  costs  by  means  of  reduced 
thickness.  Often,  structures  only  become  possible 
through  the  use  of  HSLA  steels.  By  reducing  the 
deadweight  of  the  structure  the  operating  costs 
of  transport  vehicles  are  lowered. 
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Fig.  2  -  Typical  composition  of  HSLA  steels  for 
the  construction  of  commercial  vehicles 

MODERN  PRODUCTION  PROCEDURES  FOR  HSLA  STEELS 


stream  ladle  metallurgy  including  vacuum  treat¬ 
ment,  it  has  become  possible  to  adjust  the  narrow 
composition  limits,  to  modify  the  inclusions,  to 
lower  the  hydrogen  content  and  to  homogenize  ,,he 
heat.  The  result  are  improved  steel  properties 
(9).  The  steel  is  subjected  mainly  to  continous 
casting,  and  in  some  cases  to  ingot  casting  (10). 

ROLLING  AND  HEAT  TREATMENT  -  The  development 
of  the  rolling  technique  is  shown  in  Figure  4. 
Conventional  rolling  is  characterized  by  high 
rolling  temperatures  with  correspondingly  low  de¬ 
formation  resistance  in  the  material.  The  coarse 
ferritic-perl itic  structure  which  sets  in  must  be 
refined  after  rolling  by  normalisation  for  de¬ 
manding  applications.  With  normalising  rolling, 
the  finish-rolling  takes  place  in  the  normalising 
temperature  range.  The  fine-grain  structure  pro¬ 
duced  has  properties  equivalent  to  those  of  a 
normalised  structure.  The  advantage  of  normali¬ 
sing  rolling  is  the  better  surface  condition  of 
the  rolled  material  not  subjected  to  heat  treat¬ 
ment.  This  process  is  beneficial  for  the  envi¬ 
ronment  thanks  to  the  simplification  of  produc¬ 
tion  (11)(12)(13)(14)(15). 


PRODUCTION  OF  STEEL  -  The  production  of  high- 
quality  steels  for  the  construction  of  commercial 
vehicles  requires  many  years'  experience  and  mo¬ 
dern  production  facilities.  Figure  3  shows  the 
usual  steel  making  process.  The  steels  are  pro- 
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Fig.  3  -  Steel  making  process 

duced  predominantly  in  oxygen  converters.  Com¬ 
bined  blowing  using  the  Thyssen  Blowing  Metal¬ 
lurgy  process  constitutes  an  improvement  in  the 
familiar  top-blowing  process  (8).  With  a  down¬ 


Fig.  4  -  Development  of  rolling  technique 

Thermomechanical  rolling  entails  a  whole 
package  of  rolling  operations  (15).  To  achieve 
high  strength  with  simultaneous  good  toughness 
characteristics,  it  is  necessary  to  control  the 
temperature  and  to  maintain  certain  deformation 
conditions.  Thermomechanical ly  rolled  plates 
display  a  ferritic-perl itic  structure  with  some 
bainite.  The  production  conditions  and  the  avail¬ 
ability  of  carbide-forming  or  carbide-nitride¬ 
forming  micro-ai loying  elements  result  in  an 
extraordinarily  fine  structure.  In  operational 
practice,  the  control  of  the  final  rolling  tem¬ 
perature  IS  used  primarily  to  adjust  the 
required  yield  strength.  The  final  rolling  tem¬ 
perature  can  be  lowered  to  around  Ar3  to  in¬ 
crease  the  yield  strength,  and  so  during  the 
rolling  small  fractions  of  ferrite  can  already 
form  in  the  structure.  The  strainhardening  of 
such  a  ferrite  fraction  hardly  impairs  the 
toughness  of  the  steel  (14) (16). 

In  the  further  development  of  TM-treated 
steels,  accelerated  cooling  plays  a  special  role. 
At  the  end  of  the  rolling  process  cooling  water 
is  directed  onto  both  surfaces  of  the  plate 
which  is  thus  cooled  rapidly.  Cooling  takes 
place  at  around  15  K/s  down  to  temperatures  of 
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about  550°C.  The  effects  of  the  rolling  and  coo¬ 
ling  conditions  with  accelerated  cooling  can  be 
summarised  as  follows.  The  yield  strength  and 
tensile  strength  are  raised  by  about  50  N/mm*  as 
against  thermomechanical  rolling.  The  toughness 
is  not  impaired.  This  is  achieved  by  shifting  the 
structural  transformation  from  ferrite/perlite  to 
ferrite/bainite  and  by  the  production  of  a  finer 
ferrite  grain. 

The  yield  strength  increasing  effect  from 
accelerated  cooling  can  also  be  used  to  reduce 
the  alloy  content.  With  a  given  yield  strength, 
it  is  possible  to  make  a  steel  with  a  leaner  com¬ 
position  (15)(17). 

For  steels  with  yield  strengths  above  460 
N/mm',  thermomechanical  rolling  is  only  possible 
in  a  limited  thickness  range.  Thus,  where  very 
high  standards  are  set  for  strength  and  ductility 
quenched  and  tempered  steels  are  used,  especially 
for  thick  plates.  Conventional  quenching  and  tem¬ 
pering  of  plates  begins  with  a  through  heating  to 
temperatures  in  the  austenite  area.  Then  comes  a 
rapid  quenching  using  pressurised  water,  and  this 
transforms  the  microstructure  into  martensite  or 
bainite  (18) (19).  During  the  subsequent  tempe¬ 
ring,  a  microstructure  forms  which  displays  an 
extremely  fine-grain  substructure  with  finely 
dispersed  precipitated  carbides.  With  direct 
quenching,  the  plate  is  treated  with  pressurised 
water  immediately  after  rolling  at  the  fastest 
possible  cooling  rate. 
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Fig.  5  -  Influence  of  direct  quenching  on  trans¬ 
formation  characteristics 

The  improvement  in  the  hardenabi 1 ity  achieved 
with  direct  quenching  can  be  illustrated  with  re¬ 
ference  to  Figure  5  for  a  CrMo-alloyed  QT  steel 
with  690  N/mm^  minimum  yield  strength.  Compared 
with  conventional  quenching  the  structural  trans¬ 
formation  during  direct  quenching  starts  after 
longer  cooling  times  and/or  at  lower  temperatu¬ 
res.  Thus,  for  example,  a  25  mm  plate  can  be 
hardened  through  from  the  rolling  temperature 
martensitical ly,  while  with  hardening  after  re¬ 
heating  it  partly  transforms  in  the  bainite 
stage. 


PROPERTIES  OF  HSLA  STEELS  FOR  COMMERCIAL 
VEHICLE  CONSTRUCTION 

At  the  beginning  a  report  was  given  of  the 
mechanical  characteristics  achievable  with  the 
individual  steel  grades.  Now  a  number  of  selec¬ 
ted  examples  will  be  taken  to  illustrate  the  ma¬ 
terial  properties  achieved  in  actual  production 
operations.  At  the  same  time  the  tendency  in  the 
development  of  the  material  will  be  described 
and  hence  the  efficiency  of  normalised,  thermo¬ 
mechanical  ly  rolled  and  quenched  and  tempered 
steels  in  commercial  vehicle  construction  will 
be  documented. 

STRENGTH  AND  TOUGHNESS  PROPERTIES  -  HSLA 
steels  cover  a  wide  range  of  applications  for 
vehicle  constructions.  Figure  6  shows  the  rela¬ 
tion  between  the  yield  strength  and  the  transi¬ 
tion  temperature  Tpy  for  unalloyed  carbon-manga¬ 
nese  steels,  normalised  and  thermomechanical ly 
rolled  microalloyed  steels  with  ferritic-perl itic 
structure  and  quenched  and  tempered  steels.  The 
yield  strength  has  values  of  between  210  and  960 
N/mm^,  according  to  type  of  steel  and  treatment 
condition.  With  a  lowering  of  the  carbon  content, 
a  fine-grain  structure  and  special  metallurgical 
measures,  very  good  toughness  characteristics  are 
achieved.  The  transition  temperature  Tpy  is  in 
the  range  between  -20°C  and  -110°C  (1)ta0). 


Yield  strength  (  N/mm  ^  ) 

Fig.  6  -  Characteristic  properties  of  HSLA 
steels  for  commercial  vehicle  construction 

The  characteristic  feature  of  quenched  and 
tempered  structural  steels  is  the  high  yield 
strength,  as  compared  with  that  of  normalised 
steels.  The  tempering  temperature  plays  a  major 
role  as  a  control  factor  in  this  connection. 
Figure  7  shows  the  relation  between  the  yield 
strength  and  the  notched  bar  impact  energy  at 
-60°C  test  temperature.  In  order  to  achieve  a 
yield  strength  of  about  900  N/mm^  it  is  necessa¬ 
ry,  for  example,  to  temper  a  quenched  steel  pla¬ 
te  containing  nickel,  chromium,  molybdenum  and 
vanadium  at  about  670°C.  The  related  impact  ener¬ 
gy  at  -60°C  test  temperature  was  about  70  Joules 
(18). 
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Fig.  7  -  Yield  strength  and  transition  tempera¬ 
ture  of  QT  steels 


In  the  construction  of  mobile  cranes  in  par¬ 
ticular,  the  limitation  of  axle  loads  to  10  or 
14  t  in  relation  to  the  total  weigth  and  effi¬ 
ciency  of  the  cranes  play  a  major  role  (21) (22) 
(23).  In  crane  construction,  therefore,  steels 
with  very  high  minimum  yield  strengths  are  de¬ 
manded  in  order  to  achieve  high  load-bearing 
capacities  with  low  dead  load.  The  use  of  quen¬ 
ched  and  tempered  steels  with,  for  example,  960 
N/mm^  minimum  yield  strength  thus  offers  not 
only  technical  advantages,  but  also  economic 
ones,  and  especially  with  cranes  subjected  to 
heavy  loads. 

To  improve  further  the  properties  of  plate 
of  quenched  and  tempered  steels,  the  application 
of  direct  quenching  from  the  rolling  temperature 
appears  promising,  in  addition  to  alloying  meas¬ 
ures.  The  research  results  in  Figure  8  show  that 
direct  quenching  with  subsequent  tempering  can 
raise  the  yield  strengths  on  average  by  130  N/mm^ 
as  compared  with  those  achieved  with  convention¬ 
al  quenching.  With  an  unchanged  yield  strength, 
the  carbon  equivalent  can  be  improved  by  around 
0.05%  (18)  . 


Fig.  8  -  Comparison  between  reheat  quenching  and 
direct  quenching 


BRITTLE  FRACTURE  SAFETY  -  In  the  case  of  com¬ 
ponents  of  cold-formed  steels,  as  used  in  the 
construction  of  commercial  vehicles,  a  consider¬ 
able  forming  capacity  and  a  high  level  of  brittle 
fractu’^e  safety  under  critical  conditions  are  re¬ 
quired. 

Component  tests  were  conducted  under  practi¬ 
cal  conditions  on  U  sections  similar  to  longitu¬ 
dinal  girders  of  microalloyed  hot  strip  with  a 
minimum  yield  strength  of  420  N/mm^.  Brittle 
fracture  in  notched  sections  only  occurs  at  a 
temperature  of  -50°C  to  -70°C  (1).  Unnotched  sec¬ 
tions  remain  crack-free  and  are  ductile  down  to 
-100°C,  in  spite  of  a  rough  cutting  edge. 

Similarly  good  results  were  obtained  on  bai- 
nitic  thermomechanical ly  rolled  steels  with  850 
N/mm^  yield  strength  (Figure  9).  The  brittle 
fracture  behaviour  of  a  longitudinal  truck  girder 
of  TM  steel  was  excellent. 


Test  temperature ;  -60®C 


Fig.  9  -  Unnotched  girders,  73  x  305  x  1400  mm, 
6,4  mm  thick.  Distance  between  supports:  1200  mm 
Load:  0.3  t  from  1.3  m  height. 

The  brittle  fracture  behaviour  of  quenched 
and  tempered  fine-grain  structural  steels  was  in¬ 
vestigated  by  means  of  the  Pell  ini  drop  weight 
test  (18).  This  is  to  check  whether  the  brittle 
fracture  in  a  welding  bead  spreads  to  one  of  the 
two  lateral  surfaces  of  the  specimens,  or  wheth¬ 
er  it  is  stopped  before  that  happens.  Figure  10 
shows  NOT  temperatures  of  various  steels  in  the 
form  of  scatter  bands  determined  on  various  pla¬ 
te  thicknesses.  The  results  show  that  these 
steels  display  very  good  toughness  properties, 
despite  their  high  yield  strength. 
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Fig.  10  -  NOT  temperatures  of  quenched  and  tempe¬ 
red  steels 


FATIGUE  STRENGTH  -  The  resistance  of  the 
steels  under  discussion  to  cyclic  load  is  of 
great  importance  for  vehicles.  Of  special  inter¬ 
est  is  the  fatigue  strength  of  welded  joints, 
which  is  below  that  of  the  base  metal  because  of 
the  high  notch  effect  at  the  transitions  between 
weld  and  base  metal.  Post-treatment  of  these 
transitions  by  shot  peening  or  TIG  dressing  can 
give  a  more  favourable  configuration  to  the  cri¬ 
tical  transition  areas.  Recent  research  results 
shown  in  Figure  11  reveal  that,  under  optimized 
post-treatment  conditions,  the  welded  joints  can 
achieve  the  fatigue  strength  of  the  base  metal 
(24)(25)(26). 


Fig.  11  -  Improvement  of  fatigue  behaviour  of 
butt-welded  joints 

WELDABILITY  -  A  high  level  of  weldability  is 
an  important  requirement  in  steels  used  in  vehi¬ 
cle  construction.  With  thermomechanical ly  rolled 
steels,  it  is  less  the  question  of  maximum  hard¬ 
ness  or  embrittlement  in  the  heat  affected  zone 
which  play  the  mayor  part.  Rather  it  is  a  ques¬ 
tion  of  limiting  the  heat  input,  because  of  the 
softening  zone  which  arises  during  welding  in 
the  heat  affected  zone.  Figure  12  shows  the  ten¬ 
sile  strength  of  welded  joints  of  6  mm  thick  TM 
steel  with  a  minimum  yield  strength  of  700  N/mm^ 
as  a  function  of  the  cooling  time  between  800 
and  500°C.  For  the  steels  investigated,  an  upper 
limit  for  the  cooling  time  of  15  s  is  recom¬ 
mended  (27),  in  order  to  remain  above  the  re¬ 
quired  tensile  strength. 


WBVfwiwiQM  unw 


Fig.  12  -  Tensile  strength  of  welded  joints  as  a 
function  of  welding  conditions 


The  influence  of  the  welding  conditions  on 
the  toughness  of  the  heat  affected  zone  of 
quenched  and  tempered  structural  steels  is  show'i 
in  Figure  13,  with  reference  to  the  example  of  a 
CrMo-alloyed  steel  with  a  minimum  yield  strength 
of  690  N/mm^.  It  can  be  seen  that  it  is  neces¬ 
sary  to  limit  the  heat  input  upwards  for  an  HAZ 
ductility  comparable  with  that  of  the  base  metal. 
The  heat  input  applied  during  welding  depends  on 
the  welding  procedure,  plate  thickness,  prehea¬ 
ting  temperature,  weld  preparation  and  the  re¬ 
quirements  imposed  on  the  structures. 


Fig.  13  -  Influence  of  the  welding  conditions  on 
the  ductility  of  the  heat  affected  zone 


FORMABILITY  -  HSLA  steels  for  the  construc¬ 
tion  of  commercial  vehicles  tend  to  be  cold- 
formed.  The  normalised  steels  discussed  and  the 
thermomechanical ly  rolled  steels  are  suitable 
for  use  i..'  forming  processes  with  high  require¬ 
ments  regarding  cold-forming  behaviour  in  longi¬ 
tudinal  and  transverse  direction.  Their  good 
cold-forming  behaviour  is  brought  about  with  the 
help  of  an  optimized  sulphide  shape  control  by 
the  addition  of  certain  alloying  elements.  As  a 
proof  for  the  cold-forming  behaviour  of  TM- 
rolled  steels  the  excellent  formability  QStt 
700  TM  in  bending  specimens  should  be  mentioned. 
Even  after  the  application  of  an  artificial 
notch  to  simulate  cutting  edges  during  process¬ 
ing  the  material  deformed  without  cracking.  Hot 
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forming  is  generally  not  acceptable  here,  because 
the  TM  condition  is  then  no  longer  present  (27). 

Quenched  and  tempered  structural  steels  are 
generally  also  fabricated  by  cold-forming,  i.e. 
at  temperatures  below  the  maximum  allowable 
stress  relieving  temperature.  The  strairi  harde¬ 
ning  effect  and  the  loss  of  ductility  through 
cold  deformation  can  be  partly  repaired  by  stress 
relieving.  Hot  forming  above  600°C  makes  it 
necessary  to  perform  a  fresh  quenching  and  tem¬ 
pering  which  corresponds  to  the  treatment  in  the 
production  route.  It  can  be  seen  that  the  fabri¬ 
cation  technology  is  of  fundamental  importance 
for  the  practical  suitability  of  products  made 
from  these  steels  (28). 

Figure  14  also  shows  that,  with  an  increasing 
yield  strength,  a  larger  bending  radius  has  to  be 
provided  to  ensure  crack-free  forming.  In  Figure 
15  the  allowable  limit  of  the  mandrel  diameter 
for  crack-free  bending,  related  to  the  plate 
thickness,  is  plotted  against  the  minimum  yield 
strength. 


Fig,  14  -  Characterization  of  the  formability  in 
the  bending  test 


WEAR  RESISTANCE  -  The  behaviour  under  wear- 
inducing  conditions  is  important  for  steels  in 
commercial  vehicles.  Figure  15  shows  the  wear  re¬ 
sistance  of  TM-rolled  steels  and  quenched  and  tgip- 


Fig.  15  -  Relation  between  hardness  and  wear  be¬ 
haviour  of  HSLA  steels 


pered  steels  as  compared  with  the  steel  St  37-3. 
The  results  show  that  both  conventional  co'd 
formable  steels  as  well  as  bainitic  TM  steels 
perform  in  an  excellent  fashion  in  the  laborato¬ 
ry  peening  test.  By  lowering  the  tempering  tem¬ 
perature,  it  is  possible  to  increase  the  hard¬ 
ness  level  of  quenched  and  tempered  steels,  and 
hence  to  improve  their  wear  behaviour  yet  fur¬ 
ther  as  against  conventional  structural  steels 
(29). 

APPLICATIONS 

The  range  of  applications  for  normalised, 
thermomechanical ly  rolled  and  quenched  and  tem¬ 
pered  fine-grain  structural  steels  encompasses 
a  wide  spectrum  of  components,  some  with  com¬ 
plicated  shape,  e.g.  cross-girders  bent  at  right- 
angles,  front  axle  elements  and  complete  vehicle 
frames.  Whole  vehicles,  e.g.  garbage  municipal 
trucks  and  truck  trailers,  are  manufactured  from 
perlite-reduced  TM  steels,  whereas  quenched  and 
tempered  steels  are  given  preference  for  the  con¬ 
struction  of  mobile  cranes,  road  tankers  and 
other  ocrticularly  critical  applications. 
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REXALLT  began  to  take  close  interest  in 
ni  1  c  roai  1  oyea  steels  toi’  bar  products  tor 
mechanical  engineering  applications  in 
1  9  76-  7  7  in  con.i  uric  t  i  on  with  SAFE 
(bociete  des  Aciers  Fins  de  I’Est  - 
located  in  liAGONDANGK  and  now  part  of 
the  ASfOMKTAL  Grou[,'  111.  Since  1-hat 
date,  a  certain  numbei’  of  m  i  c  roa  1 1  oy  ed 
steel  parts  have  been  manufactured  or 
are  in  deielopment.  In  parallel,  better 
knowledge  of  the  usaae  and  implementa- 
t  ion  c ha rac t e r  1  s t  n- s  of  these  steels  has 
been  acu.uireil.  In  1968,  the  growth 
ronditions  tor  these  steels  aie 
tas'ourable  fur  iifterenl  reasons  which 
will  be  \  p  1  a  ;  ntni  in  this  repo  r  t  .  bin  -  h  a 
g  t  o  w  t  h  will  m  i  k  t  f  I  e  It  u  s  t  ,  not  o  n  1  >  of 
1  hc'  main  'oatnrr'  of  tni'se  siio.-ls,  which 
:s  to  obvain  a  high  tensile  strerr-'th  in 
the  'as  tornrsi'  'sitidit  ion,  nut  also  ol 
" einp  1  einen  t  a  r  y  "  and  original 
I  h  a  r-'i  c  t  f  1' 1  s  t  I'-s  to  which  wo  snail  rc'- 
:  o  rai . 


1  -  IKE.sFNI  SIJl.Ajl'iX  111-  8  I  i-Hi.,  il.Li  I'l  lb 

S  1  FKI  S  A  I  ASi'tiMF  I  Ai, 

AM  9  ei  K  I  \  1,  IS  in  a  i>osit  ion  to  ma- 
liiifaoture  a  wiiie  laiigf'  of  miefoal- 
lo\o(i  sto.'lc;  "clasSir-"  sic'els  of  Mi 
I  'I  a  nti  a  ti  o  se  -  \  a  nad  1  1 1  m  1  t  \  [m  .  ■  a  1  s  in¬ 

to  n  Go,  1  tor  t  h  r  o  ad  ed  I  a  s  t  .  tjo  i  s  I  !  G  1  1 '  is 
si'ociali'v  -  AstiiMKlAL's  Kiis  plant  I 
and  s  t  ,'o  !  s  M  FI  \  iw  A  1  1  •  t  a  b  I  o  1  i  . 
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TABLE  1.  Average  analytic  composition 
I  in  %)  of  the  principal  METASAFE  steels 
in  terms  of  target  tensile  strengths. 

.A  brief  reminder  should  be  made  of 
the  metallurgical  principles  on  which 
the  manufacture  of  tiiese  steels  is 
based.  Their  main  c  liar  ac  t  e  r  i  s  t  1  c  is  to 
present  a  tensile  stress,  in  the  'as 
forged’  or  'as  hot  roiled’  condition, 
practically  independent  of  heating  and 
cooling  conditions.  Depending  on  the 
tensile  stress  le\el,  these  steels 
contain  variable  contents  of  carbon, 
manganese,  copper,  tiickei;  thee  all  on- 
tain  the  same  tipes  of  microalloying 
elements  I  al  uni  i  n  i  uni .  niobium  an  c  ana- 
diuml.  Their  main  roles  are  as  follows: 

-  Precipitation  hai'leriing  .d  the 
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pnenomena  of  embrittlement  due  to  the 
copper  alone . 

-  Carbon  plays  a  fondamental 
role  since  it  determines  the  "basic" 
hardness  of  the  matrix  (see  table  1). 
Depending  on  the  cata^pry  METASAFE 
it  varies  between  0.15%  and  0.45%. 

In  the  beginning  of  the  eighties 
a  certain  amount  Oif  kioowlectg*  was 
available  regarding  the  implementabi- 
lity  and  the  usage  characteristics 
of  these  steels  (2); 

-  Hot  forming  does  not  raise  any 
particular  problem. 

-  Machinabi 1 i ty  is,  with  given 
tensile  strength  and  given  contents 
of  elements  to  improve  machinabi 1 i ty , 
at  least  as  good  as  for  quenched  and 
tempered  steels. 

-  N i t r id i b i 1 i ty ,  and  in  particu¬ 
lar  ioni t r idi bi 1 i t y ,  is  good  (3). 

-  Fatigue  resistance  is  compara¬ 
ble  with  that  of  steels  quenched  and 
tempered  at  the  same  hardness  level. 

-  Impact  strenght  remains  appre¬ 
ciably  lower  than  that  of  steels 
quenched  and  tempered  for  the  same 
level  of  hardness. 

Research  over  the  last  few 
years  has  principally  been  directed 
towards  the  possibilities  of  impro¬ 
ving  impact  strength  and  knowledge  of 
the  cold  forming  behaviour  of  these 
steels . 

As  regards  impact  strength, 
there  expected  from  analytic  composi¬ 
tions;  on  niobium,  enable  a  fine 
grain  to  be  obtained  by  thermomecha¬ 
nical  treatment,  hence  a  distinctly 
steel.  In  the  field  of  bar  products, 
these  treatments  are  however  diffi¬ 
cult  to  implement  on  account  of  the 
heterogeneousness  of  the  deforma¬ 
tions,  both  on  hot  rolling  and  on 
hot  forging,  producing  grains  of  very 
different  size  depending  on  the 
zones.  For  forgings,  the  research 
into  optimum  forming  cotuiitions  would 
from  this  point  of  view  require 
probably  very  difficult  final  deve¬ 
lopment  work.  As  regards  rolled  bars, 
cooling  tests  in  a  flat  ,iet  of  water 
have  recently  taken  place  in  Hag on - 
dange  and  examination  of  the  samplers 
IS  in  progress;  the  me t a  1 1 u r g i ca i 
goal  is  to  obtain  transformat  ion  of 
the  austenite  of  the  steel  at  a  fair¬ 
ly  low  and  uniform  temperature 
through  the  cross-section,  lests  com¬ 
mon  A.Sf()HKTAi./KRNAt  l.T/ENSMA  (Kcole 
Nationale  Superieirre  cic-  Mecanii)u»>  et 


Thermal  hardening  at  600  C  enables  a 
f erro-per 1 i t ic  structure  with  very  fine 
grains  to  be  obtained,  corresponding  to  a 
doubling  of  the  impact  strength  level 
( see  table  2  ) 

for  an  identical  tensile  stress  value 
( 1000  MPa  1  . 


METASAFE 

1000 

Rough  rolled 
conduit  i-OTi 

Post  isother-t; 
mal  hardening: 

Tensile 

stress 

1  MPa  ) 

1000 

I: 

1 . 

1000  j; 

Impact 

Strength 

1 Mesnager 
daJ /cm^  1  ; 

5 

10  : 

Table  2.  improvement  in  impact  strength 
by  isothermal  hardening  at  600  C  on  a 
METASAFE  1000  type  steel. 

Other  tests  likewise  carried  out 
within  the  framework  of  the  common 
research  program  hav'e  demonstrated  that 
Interesting  results  could  be  obtained  by 
cooling  in  pulsed  air. 

Thus,  controlled  cooling  on  rol¬ 
ling  for  applications  of  parts  machi¬ 
ned  from  bar,  or  on  forging  le.g.  b> 
fluidized  bed  for  carrying  out  iso¬ 
thermal  hardening),  make  it  possible  to 
envisage  an  improvement  in  impact 
strength  properties  of  microalloyed 
steels  at  constant  tensile  strength 
without  appreciable  mocj  i  f  i  ca  t  i  on  to  their 
presetit  analytical  comy^o  s  i  t  i  on  . 

In  another  respect,  it  has  been  ann 
demonstrated  that  the  cold  forming  of 
parts  made  from  U . 2%  carbon 
microalloyed  steels  could  be  indus¬ 
trially  en\isaged  (41. 


2  -  HKtltAl.  CF  INTEREST  1  N^JliE  I  SH  01 
ICROALLOI  EH  SJEELS  IN  THE.  ERENiTl 
MOTOR  (.'AR  I  NDISTRV  A^NU  IN  PART  H  i 
(.AR  .AT  REN. A  LET 

Although  me  t  a  1  1  u  rg  1  1,' a  1  1  1  there  h.is 
been  no  s  pec  t  ac'u  1  a  i  i  mp  i  n  v  emi  ■  n  t  in  thi' 

C  ha  rac  t  '■  1'  I  s  I  1 1  s  .  1 1  t  tie  -c s  t  ei‘  1  s  u  ,  e  r  t  he 
past  few  \i*ars.  thore  is  at  prc'si'nt  s,,'uie 
r>-\  l  \  a  i  '  >  f  1  II  t  e  I  c  s  t  . 
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Besides  better  knowledge  of  their 
properties,  another  determining  fac¬ 
tor  is  the  interest  of  certain  ''com¬ 
plementary"  and  original  properties 
of  these  steels.  Thus,  at  RENAULT, 
there  are  of  course  cases  of  applica¬ 
tions  where  it  is  the  elimination  of 
the  quench  and  temper  treatment  which 
is  decisive  (case  of  reaction  rods 
and  swivel  axle  spindle  carriers,  see 
§  3  hereafter),  but  in  several  exam¬ 
ples,  it  is  the  "complementary"  cha¬ 
racteristics  that  were  decisive: 

*  Weldability 

It  is  possible  to  considerably 
diminish  the  carbon  content  of  ttiese 
steels  so  as  to  give  them  good  wel¬ 
dability  without  redvicing  the  tensile 
strenght  (compensation  for  loss  of 
strength  resulting  from  the  drop  in 
carbon  content  by  an  increase  in 
manganese  and/or  copper  and 
microalloying  elements  contents).  The 
main  example  of  t)\e  use  of  tiiis  good 
weldability  is  the  rear  antirway  bar 
made  from  METASAFE  FI  200. 

*  Lesser  sensiti\it,v  to  quench 
c  rac  k i ng . 

The  possible  drop  in  carbon 
content  permitting  good  weldabilit\ 
as  a  rule  enables  the  part  to  become 
less  sensitive  to  tiienmai  shock;  this 
is  the  factor  which  was  decisive  for 
the  production  launching  ot  swivel 
axle  spindle  carrier  plates  made  from 
METASAFE  700  instead  of  an  AF70  steel 
for  wtiich  the  mitiimum  (ensile 
strenght  of  700  MPa  can  only  be 
obtained  with  a  tiigh  carbon  content, 
of  approximately  0.55%;  w  i  t  ii  tiiis 
carbon  content,  the  cooling  water  of 
the  automatic  hot  forging  presses  is 
responsible  for  tiie  transitory  appea¬ 
rance  of  incompatible  quench  cracking 
which  can  only  be  100%  eliminated  by 
expensive  part-by-part  insi>ection. 

*  Cold  foi-mability  of 
m i c  roa 1 1 oyed 

steels  with  carbon  contents 

lying 

between  0.1  and  0.2%. 

These  steels  present  cold 
formab  i  1  i  t  y  wh  i  ch  is  1  i  kew  i  se  at  t  )ie 
origin  of  otlier  developments  in  (tie 
field  of  tiireaded  fasti-ners 
(  m  1  c  roa  1  1  o  yed  steels  type  20M5  .and 
10M7  and  for  t  lie  manufacture  of 
swivel  axil'  spindles  IMFTASAFF  HOO 
t  y pe  s  t  er  1  )  . 

For  ttiese  appl  ica(  ions, 
fiardening  of  (tie  steel  ti>  soliif 
soliit  ion  and  )is  precijJitat  ion  is 
lompleled  liv  t  fie  w  o  r  k  -  )ia  r  dc  n  i  ng 
e  f  fee  I  . 


♦  Disappearance  of  the  necessity 
for  straightening  operations  indispensa¬ 
ble  for  parts  undergoing  quench  and  tem¬ 
per  treatment:  example  of  manufacture  of 
prototype  anti-sway  bars  with  very  accu¬ 
rate  geometry. 

3  -  EXAMPLES  OF  MANUFACTURE  AND  DEVELOP¬ 
MENT  OF  PARTS  MADE  FROM  MICROALLOYED 
STEELS  AT  RENAULT 

3  .  1  H  i  s  to  rv 

The  first  tests  on  using  parts  made 
from  microalloyed  steels  at  RENAULT  in 
conjunction  with  the  SAFE  involved  a  re¬ 
ference  part  which  was  a  swivel  axle 
spindle  carrier:  this  was  a  swivel  axle 
spindle  carrier  for  the  R12  and  R18  made 
from  20MC5  (then  20MB5  quenched  and  tem¬ 
pered  to  giv'e  900-1100  .MPa),  which  re¬ 
vealed  to  be  the  ideal  component  for 
such  testing.  It  is  a  sa f e t y- re  1  at ed 
part  for  which  tliree  important  quality 
criteria  are  taken  into  account:  hard¬ 
ness,  fatigue  resistance  and  impact 
strength.  Different  batches  of  parts 
were  manufactured  by  S.AFE  from  META¬ 
SAFE  900  and  METASAFE  luOO  (including  a 
version  with  improved  machinabili- 
ty)  and  laboratory  tested.  If  the 
hardness  and  endurance  aspect  proved  to 
be  satisfactory,  the  impact  strength 
gave  rise  to  some  reserxes  taking  into 
account  the  results  of  testing  the 
steering  arm  on  a  verti¬ 
cal  drop  test  rig:  the  parts  made  from 
quenched  and  tempered  steel  in  fact 
allowed  significant  deformation  of  the 
steering  arm  without  fracture  while  the 
parts  made  from  microal- 
ioyed  steels  broke  at  lower  deforma¬ 
tion  lexels.  .Although  this  test  was 
relatively  severe,  it  left  an  unfa¬ 
vourable  impression  for  that  type  of 
part  witliout  liowexer  brushing  aside  the 
possibility  cf  employing  micro- 
alloyed  grades  I'or  differently  stres¬ 
sed  parts.  Other  factors  likewise  curbed 
the  development  of  the  use  of  such 
steels  at  RtN.AFLT  at  that  time: 

-  Insufficient  knowledge  of  pro- 
du<  t  usage  characteristics. 

-  Sales  price  considered  as 
unattractive  (problem  of  commercial 
po I  i c  \  )  . 


375 


1 


Parallel  start-up  ot  post 
forging  direct  treatment  on  conven¬ 
tional  grades  which  were  beginning  to 
give  interesting  results. 

The  graph  in  figure  1,  where  the 
impact  strength  and  the  tensile 
stress  are  correlated,  situates  the 
potential  utilizations  of  micmioal- 
loyed  steels  on  automotive  parts:  to 
be  noted  is  the  "comfortable"  situa¬ 
tion  of  quenched  and  te»w«Tod  steels 
compared  with  microalloyed  steels. 


Fig  1  ;  Potential  use  of  microalloyed 

steel s . 


The  tensile  strength  properties  of 
the  different  families  of  parts 
liable  to  be  concerned  by  microal¬ 
loyed  steels  are  shown  with  the  mi¬ 
nimum  impact  strength  requ  i  reme.it s  of 
the  specification;  reaction  rods, 
swivel  axle  spindles,  swivel  axle 
spindle  carriers,  anti-sway  bars  and 
rods.  The  possibilities  for  use  of 
these  parts  are  detailed  in  the  fol¬ 
lowing  paragraph. 

.1  .  2  Pratical  e.xempies 

3.2.1  R9-R11  rear  anti-sway  bars  made 
from  METASAFE  1200 

This  bar  is  the  first  indus¬ 
trial  application  of  microalloyed 
steels  in  RENAULT  products.  It  plays 


an  active  part  in  the  nual  'tv  of  tlie 
vehicle's  suspension  and  its  roadhoi- 
ding.  It  is  a  part  subjected  to  heavy 
torsional  and  flexural  fatigue  stresses. 
Its  resistance  demands  a  tensile 
strength  of  1200  MPa  and  a  minimum  yield 
strength  of  1050  MPa. 

The  part  consists  of  a  necti linear 
bar  with  both  ends  welded  to  a  yoke  bol¬ 
ted  to  the  rear  suspension  arms  I  see  fi¬ 
gure  2  )  . 


Fig  2.  Anti-sway  bai-  made  from  METASAF’E 
F1200 

The  major  manufacturing  difficulty 
lies  in  the  existence  of  two  welds  whiclh 
are  themselves  also  fatigue  stressed. 
Aith  be  the  conventional  arrangement 
asing  quenched  and  tempered  steel,  post 
welding  heat  treatment  of  the  entire  bap: 
was  necessary,  which  called  for  a  strai- 
"litening  operation  and  which  raised  the 
problem  of  the  yokes.  .An  arrangement 
using  weldable,  therefore  low  carbon 
steel,  with  elevated  properties,  was 
therefore  sought  after.  Preser\at ion  of 
strength  in  the  welded  zones  called  foi 
either  the  use  of  a  highly  alloyed 
quenched  and  tempered  steel  of  tlie  IB 
CND6  kind,  or  the  choice  of  a 
microalloyed  steel,  MET.AS.AFE  1200.  Both 
arrangements  were  successfully  tested 
and  enabled  the  target  endurance  levels 
to  be  obtained  (see  figure  3).  Tlie 
microalloyed  steel  was  decided  upon 
because  of  economic  criteria. 

Since  1981,  more  than  1  million 
anti-sway  bars  have  thus  been  manufac¬ 
tured  with  total  reliability. 
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fili  i.  Fatigue  life  of  anti-sway  bars 
made  from  microalloyed  or  OX  steels. 


3  .  . 2  R4  rear  swivel  axle  spindle 

made  from  METASAFE  800 

The  rear  swivel  axle  spindle, 
press  fitted  in  the  suspension  arm, 
IS  the  spindle  around  which  the 
roadwhee 1  turns.  It  is  subject  to 
heavy  fatigue  stresses  and  must  in 
addition  be  capable  of  supporting 
shocks  without  sudden  fracture  when 
the  roadwheel  strikes  an  obstacle. 
These  essential  requirements  lead  to 
the  choice  of  a  steel  with  minimum 
tensile  strength  of  870  MPa  with 
localised  induction  hardening 
treatment  of  the  press  fitting  zone 
I  see  figure  4 ) . 


The  part  is  cold  extruded.  The 
initial  arrangement  consisted  of  20MC3 
post  extrusion  quenched  and  tempered 
steel.  For  economic  reasons,  it  was  then 
manufactured  from  METASAFE  800 
microalloyed  steel.  ThiP  stie.ei  ,  with 
bainito-ferrit ic  structure,  behaves  wail 
on  cold  extrusion  and  induced 
work-hardening  e'nables  the  required 
strength  level  to  be  attained. 


Fig  5.  rig  for  fatigue  testing  of 
sp indie 


Tested  on  t  lie  rig  shown  in  figure 
o,  the  swivel  axle  spiindle  did  not  break 
.after  10'  cycles  at  tlie  nocinai 
stipulated  load.  Submitted  to  an 
overlead  of  30%,  its  fatigue  life, 
although  sliglitiy  less  than  that  of 
quenched  and  tempered  steel,  remains 
longer  than  750,1)00  cycles  at  BIO 
(see  figure  0  )  . 

Fiiiallv,  Its  behaviour  during 
impact  testing  is  very  sa  t  i  s  f  ic  I  o  r,>  ; 
pviMi  with  a  strong  force,  the  part  bends 
without  breaking,  just  like  the  part 
made  t  rom  20Mt,',5,  thanks  to  in¬ 
duct  ion  hardening  treatment  of  the 
f 1 ange , 


fig  t.  Axle  sj.  indie  made  from 
METASAFF  FJli)  and  induct  ion 
t  r  e  a  t  e ,  i 


Fig  6.  Fatigue  life  comparison 
between  axle  spindles  made  from 
microaiioyed  or  QT  steels. 


3.2.3  R4-R25  reaction  rods  (see 
figure  7 ) . 

The  reaction  rod  forms  a 
wishbone  with  the  front  lower 
suspension  arm  of  the  R4  and  with  ti.e 
upper  arm  of  the  R25.  This  part  is 
submitted  to  compressive  and  flexural 
fatigue  SLir-sses.  It  must  be  capable 
of  supporting  impacts  on  the  road- 
W'heel  without  bending.  In  another 
respect,  the  mounting  lug  is  cold 
formed.  The  METASAFE  300  arrangement 
is  a  good  compromise  between  these 
various  requirements  and  is  economic- 
in  comparison  with  quenched  and 
hardened  arrangements. 


Fig  7.  Reaction  Rod  made  from 
METASAFE  800 


3.2.4  R21  rear  sj^j-jv e  I  it-x 4  e  sp  i  nd  i  e 
car r i e ry  plate 

This  part  (see  figure  hi  is 


made  £com  AF  70  S  carbon  steel  with  a 
tensile  stress  of  700  MPa.  It  is  hot 
forged  on  a  high-rate  horizontal  forging 
machine.  Water  cooling  of  tooling  gave 
rise  to  a  few  quench  craks  which 
required  a  severe  inspection  procedure 
to  be  set  up. 

The  use  of  a  microaiioyed  steel, 
METASAFE  700,  with  improved 
machinabi  1  i ty  enabi-ed  the  same 
mechanical  properties  to  be  obtained, 
while  eliminating  risks  of  quench 
cracking,  on  account  of  its  low  carbon 
content . 


Fig  8.  Swivel  axle  spindle  carrier  plate 
hot  forged  with  METASAFE  700. 


4 • 3  Farts  under  development 

3.3.1  Rear  swiiel  axle  spindle: 

" na i i -  shaped  "  swjiel  axle 
spindle 

This  part,  olitained  b>  cold 
forming  ,  is  at  present  made  from 
quenctied  and  tempered  20Ml5  steel.  The 
required  hardness  can  bi'  obtained  by 
combination  of  the  effe<  t  of 
microalloying  elements  and  cold  forming. 
Figure  9  illustrates  a  comi>arison  of 
hardnesses  cbtained  according  to  the  fwo 
processes.  In  spite  of  t  fie  slightly 
lower  hai'dnesses,  the  MEIASAFF  P80tl 
ariangeraent  meets  the  requ  i  reiiieii  I  s  ot 
c'ndurance  and  impart  test  i  ng  analogue  to 
the  desc  r  1  ;>t  1  on  given  in  §  3  .  .i  .  2  .  T  v  pe 
approv  al  of  »  he  part  t  .ii-  t  h>-  ent  i  ! 
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RENAULT  medium  range  is  under  way. 


Fig  9.  Comparaison  of  hardneses  of 
cold  form  axles  pindles 
left.  Qvienched  and  tempered  steel 
right.  MicroalLoyed  steel. 


9  .  J  .  i!  Swi\ei  axle  snindlo  car  r  i  e  r 
Contrary  to  other  car 
manufacturers,  RENAL LT  does  not  as 
yet  use  microalloyed  steels  for  the 
manufacture  of  its  swivel  axle 
spindle  carriers.  The  emiii o \inen t  of 
annealed  carbon  steels  or  steels  that 
have  merely  undergone  a  post  forging 
controlled  cooling  cycle  enables  the 
necessary  mechanical  properties  to  be 
obtained  1600  to  700  MPa). 

However,  for  manufacturing  more 
heavilv’  stressed  axle  assemblies,  in¬ 
creased  hardness  is  becoming 
necessary  and  arrangements  made  from 
microalloyed  steels  are  being  tested 
in  competition  with  quenched  and 
tempered  steels. 

CONCLUSION 

At  present,  we  are  withnessing 
real  growth  in  the  used  of 
microalloyed  steels  for  bar  products 
in  mechanical  engineering. 


ASCOMETAL  was  one  of  the  first  iron 
&  steel  metallurgists  to  launch  this 
type  of  product  and  is  continuing  to 
actively  participate  in  their  growth  on 
a  European  scale,  and  in  particular  witli 
RENAULT. 

At  RENAULT,  as  with  the  other  main 
users,  growth  is  to  be  witnessed  that  is 
often  connected  with  the  original 
characteristics  of  microalloyed  steels 
outside  of  their  main  feature,  which  is 
that  which  enables  high  tensile  stress 
to  be  obtained  without  quenching  and 
tempering  heat  treatment.  The  classic 
applications  as  substitution  for 
quenched  and  tempered  steels  remain  of 
course  a  reality  as  demonstrated  by  the 
industrial  production  start-up  of 
reaction  rods  and  Design  Office  testing 
on  the  manulacture  of  swivel  axle 
spindle  carriers  for  new  vehicles. 
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ABSTRACT 

A  joint  program  between  Inland  Steel  Company 
and  Cummins  Engine  Company  has  evaluated  the 
use  of  medium  carbon  microalloyed  steels  for 
diesel  engine  connecting  rods.  Two  medium 
carbon,  microalloyed  compositions  were 
investigated,  one  of  which  also  contained  a 
machinabil  ity  enhancing  additive.  Tensile 
properties,  microstructures,  machinabil ity, 
and  fatigue  performance  were  evaluated  and 
compared  to  the  currently  used  quenched  and 
tempered  AISI  15B41 . 

The  mechanical  properties  of  the  forged 
connecting  rods  show  that  comparable  tensile 
strengths  can  be  obtained  using  the  air¬ 
cooled  microalloyed  steels  compared  to  the 
quenched  and  tempe.'ed  AISI  15B41. 
Machinabil ity  was  evaluated  using  the  Inland 
drill  test  since  drilling  is  often  the  rate 
controlling  machining  operation  in  connecting 
rod  manufacturing.  Results  of  these  tests 
show  that  the  microalloyed  connecting  rods 
exhibit  both  lower  drill  force  ana  lower 
drill  torque  indicating  better  machinabil ity 
than  the  quenched  and  tempered  15B41.  The 
fatigue  properties  of  the  rod  forgings  were 
evaluated  by  full  component  testing.  An 
alternating  load  was  applied  around  a 
compressive  mean.  Fatigue  strength  was  found 
to  be  comparable  between  the  microalloyed 
steel  rods  and  those  made  from  the  AISI  I5B41 
material . 


INTRODUCTION 

A  joint  program  was  undertaken  between  Inland 
Steel  Company  and  Cummins  Engine  Company  to 
evaluate  microalloyed  steels  for  connecting 
rod  applications.  This  program  is  part  of  a 
larger  program  at  Cummins  Engine  to 
investigate  ways  of  reducing  the  overall  cost 
of  diesel  engines.  The  microalloyed  steels 
could  contribute  to  this  effort  by 
eliminating  the  cost  of  heat  treatment  and 
perhaps  by  improved  machinabil ity  compared  to 
the  quenched  and  tempered  AISI  I5B41 
currently  used  for  this  part.  The  program 
was  planned  such  that  Inland  Steel  was  to 
develop  and  supply  the  microalloyed  steels. 
Modern  Drop  Forge  would  forge  the  connecting 
rods,  and  the  forged  connecting  rods  would  be 
evaluated  by  Inland  Steel  Research  and 
Cummins  Engine  Company. 


EXPERIMENTAL  PROCEDURE 

MATERIALS  -  The  steels  selected  for  the 
program  were  AISI  10V45,  15V37  Modified,  and 
the  currently  used  AISI  15B41  H.  The  AISI 
10V45  was  produced  as  an  electric  furnace 
heat  and  rolled  from  the  7x7  inch  cast 
billet  to  2-9/16  inch  round  at  the  Indiana 
Harbor  Works  of  Inland  Steel  Company.  The 
15V37  Modified  was  produced  as  300-lb  air- 
melted  heats  at  Inland  Steel  Research 
Laboratories  and  cast  into  6-1/2  x  6-1/2  inch 
X  18  inch  molds.  These  ingots  were  then 
forged  into  2-9/16  inch  round.  The  nominal 
chemical  compositions  of  all  the  steels  in 
the  program  are  given  in  Table  I. 
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TABLE  I 

Nominal  Chemical  Compositions 

CMnPSSi  VCaMB 

10V45  0.43/0.50  0.60/0.90  0.04  max  0.045  max  0.15/0.30  0.08/0.15 

15V37  Mod  0.32/0.39  1.0/1. 5  0.04  max  0.5/0. 6  0.08/0.15  0.08/0.15  0.002/0.004  0.03  max 

15B41  H  0.35/0.45  1.25/1.75  0.04  max  0.05  max  0.15/0.30  -  -  -  0.0005/0.003 


PROCESSING  -  Connecting  rods  were  forged  from 
the  microalloyed  bars  by  Modern  Drop  Forge. 
The  bars  were  induction  heated  to  2350-2400 
degrees  Fahrenheit,  forged  and  air-cooled. 
Current  production  connecting  rods  were  made 
from  15B41,  forged  similarly,  but  were 
quenched  and  tempered  following  the  forging 
operation. 

The  connecting  rod  forgings  from  all  three 
compositions  were  machined  by  Cummins  Engine 
Company  into  standard  rods,  using  established 
manufacturing  practices. 

TESTING  -  To  examine  the  through  section 
hardening,  connecting  rods  forged  from  all 
three  steels  were  sectioned  longitudinally  at 
the  mid-thickness  plane,  surface  ground,  and 
the  HRC  hardness  measured  at  0.375  inch 
intervals. 

The  microstructure  was  examined  on  cross- 
sections  cut  from  the  I-beam  section  of  the 
connecting  rods,  and  the  prior  austenitic 
grain  size  was  determined  using  the  20  cm 
circle  intercept  method.  Volume  fraction 
pearl ite  was  determined  by  using  standard 
point  count  techniques. 

The  as-forged  tensile  properties  were 
determined  using  standard  ASTM  tensile 
specimens  obtained  from  the  bolt  boss  area  of 
the  connecting  rods. 

Since  drilling  is  probably  the  most  important 
and  often  the  rate  controlling  machining 
operation  during  manufacturing,  the  drill 
test  developed  at  Inland  was  used  to  assess 
machinabil ity.  The  details  of  the  test  have 
been  reported  previously  (1);  only  the 
salient  features  will  be  mentioned  here.  A 
multiple  spindle  drill  press  with  infinitely 
variable  feed  rates  and  equipped  with 
dynamometers  to  measure  the  drill  force  and 
drill  torque  was  used.  In  this  work,  a 
constant  feed  and  speed  of  .008  ipr  and  1000 


rpm  were  used  with  a  fixed  1  in  hole  depth 
and  M7  (HSS)  drill  material.  To  avoid 
variability  from  the  manufacturer's  drill 
points,  all  drills  were  ground  in-house  to  a 
specially  designed  point  before  testing. 
Samples  for  drill  tests  were  cut  from  the 
cap-section  of  the  connecting  rods.  Each 
sample  was  of  sufficient  size  for  six  drill 
tests  with  four  different  drills.  Four 
connecting  rods  were  used  to  yield  a  total  of 
24  drill  tests.  The  average  measured  drill 
force  and  drill  torque  and  calculated 
resultant  force  were  then  used  to  assess 
dril 1 abil ity.  In  addition,  chip  morphology 
and  chip  thickness  were  also  observed  to 
evaluate  chip  disposability. 

Machined  connecting  rods  from  all  three 
materials  were  fatigued  tested  by  Cummins 
Engine  Company.  Axial  fatigue  tests  were 
conducted  on  the  full  component  rods.  Tests 
rods,  for  the  purpose  of  this  evaluation, 
were  held  constant  around  a  compressive  mean. 
Lubrication  was  provided  to  the  bearing 
shells  and  pin  bushing  to  simulate  engine 
operating  conditions. 

RESULTS  AND  DISCUSSION 

CROSS-SECTIONAL  HARDNESS  -  The  hardening 
responses  of  the  steels  are  illustrated  in 
Figure  1.  Comparing  the  two  microalloyed 
steel  cross-sections,  it  can  be  seen,  as 
expected,  that  the  AISI  10V45  developed  a 
higher  overall  hardness.  The  hardness 
pattern  in  bot,i  microalloyed  connecting  rods 
is  quite  similar  with  the  highest  hardness 
being  developed  in  the  I-beam  section  with 
the  softer  areas  in  the  region  surrounding 
the  crankshaft  bearing  area.  This  results 
from  the  slower  cooling  due  to  the  larger 
mass. 

As  shown  in  Fig.  1-C,  the  hardness  pattern  of 
the  15B41  is  similar  to  that  of  the 
microalloyed  steels.  The  hardness  is 
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Figure  1  Hardness  Profile  at  Mid-Cross 
Section  of  Connecting  Rods  HRC 
a)  10V45,  b)  15V37  Modified,  c)  15B41H 


slightly  higher  overall  with  the  thinner 
sections  exhibiting  the  higher  hardnesses  due 
to  the  faster  quenching  rate. 

MICROSTRUCTURE  -  Typical  microstructures  of 
the  three  materials  are  shown  in  Figure  2. 
As  expected,  the  15B41  shows  a  tempered 
martensitic  structure,  while  the  microalloyed 
steels  consist  of  a  ferri te-pearl ite 
structure.  Austenitic  grain  size  and 
pearl ite  volume  fraction  are  given  in  Table 
II. 


TENSILE  PROPERTIES  -  Properties  obtained  from 
the  forged  connecting  rods  are  given  in  Table 
111.  These  data  show  that  an  equivalent 
tensile  strength  can  be  obtained  using  the 
microalloyed  steels  compared  to  the  current 
quenched  and  tempered  product.  However,  the 
yield  strengths  and  the  ductilities  are 
considerably  lower  for  the  microalloyed 
steels.  Comparing  the  microalloyed  steels, 
the  10V45  produces  slightly  higher  tensile 
strength,  but  the  15V37  has  a  higher  yield  to 
tensile  ratio.  This  steel  also  has 
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a)  10V45 


b)  15V37  ModifiPd 


Figure  2  Typical  Microstructures  of  the 
Connecting  Rods  Obtained  from  a 
Transverse  Section  of  the  i-Beam 
Region. 


c)  15B41H 


TABLE  1 1 


HICROSTRUCTURAL  PARAMETERS 


Austenitic  Volume 

Grain 

Size  Fraction  Pearlite 

Steel /Code 

ASTM 

im  % 

10V45 

1.7 

172.1  94.5 

15V37  Mod 

2.3 

140.9  93.5 

15B41H  (Q&T) 

8.5 

16.3  - 

considerably  higher  ductility  compared  to  the 
10V45  because  of  the  lower  carbon  content. 

The  tensile  prope'^ties,  Table  III,  are  on  the 
conservative  side  with  respect  to  estimating 
the  fatigue  behavior  of  the  connecting  rod. 
This  is  because  the  tensile  specimens  were 
taken  from  the  bolt  boss  area  of  the  rod 
forging,  which  has  lower  hardness  (see 
hardness  distrioution.  Figure  1)  than  the  I- 
beam  section.  Since  the  majority  of  fatigue 
failures  occur  in  the  I-beam  section,  the 
higher  harnesses  there  should  contribute 
positively  to  fat'.gue  performance. 
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TABLE  III 


TENSILE 

PROPERTIES  OF 

CONNECTING 

RODS 

Y.S. 

T.S. 

Et 

Red  in  Area 

Steel/Code 

XRsi) 

(ksi) 

YS/TS 

i%x 

% 

10V45 

86.0 

133.8 

0.64 

10.2 

17.5 

15V37  Mod 

86.4 

126.8 

0.68 

13.0 

33.3 

15B41/Q  and  T 

120.2 

134.3 

0.89 

18.3 

63.1 

MACHINABILITY  -  The  results  of  the  drill  test 
are  given  in  Table  IV,  which  includes  the 
measured  drill  force  and  drill  torque  and  the 
resultant  force  (Fr)  calculated  from  the 
drill  force  (T)  and  torque  (M),  using  the 
formula 

U) 

where  D  is  the  drill  diameter. 

Results  are  presented  both  for  hot  rolled 
bars  and  from  forged  connecting  rods. 
Connecting  rods  of  the  material  currently 
used,  quenched  and  tempered  15B41,  is  used 
for  comparison  to  microalloyed  air-cooled 
connecting  rods.  However,  hot-rolled  bars  of 
this  grade  could  not  be  obtained,  and  hence 
quenched  and  tempered  4140  is  used  for 
comparison  to  the  microalloyed  as  hot  rolled 
bars.  Resultant  force  for  connecting  rods 
are  shown  graphically  ii.  "^igure  3. 


These  results  clearly  show  the  superior 
machinabil ity  of  the  microalloyed  grades  as 
compared  to  the  quenched  and  tempered  steels. 
In  both  cases  of  hot  rolled  bars  and  forged 
connecting  rods,  it  is  clear  that  both 
microalloyed  grades  show  significantly  lower 
'rill  force,  drill  torque  and  resultant 
force.  This  indicates  better  machinabil ity 
than  the  corresponding  quenched  and  tempered 
grades.  This  result  is  similar  to  earlier 
results  on  hot  rolled  10V45  as  compared  to 
quenched  and  tempered  4140.  (2) 

Between  the  two  microalloyed  steel 
investigated,  15V37-modified  shows  somewhat 
better  machinability  than  the  10V45,  which 
can  be  explained  both  on  the  basis  uf  lower 
carbon  and  higher  sulfur  for  the  15XX  steels 
than  for  the  10V45  steel.  In  terms  of  chip 
disposability,  no  significant  differences 
were  observed  among  the  various  grades. 


TABLE  IV 


ORILLABILITY  OT  HOT  ROLLED  STEEL  BARS  AND  FORGED  CONNECTING  RODS 

Drill  Force  Drill  Torque  Resultant  Force 

Hot  Rolled  Bars:  (N)  (N-H)  _ [NJ _ 


Hot  Rolled  Bars: 


10V45 

1494 

6.3 

1517 

15V37  Mod. 

1341 

5.4 

1327 

4140/QT* 

1890 

7.7 

1882 

Forced  Connectina  Rods: 

10V45 

1673 

5.5 

1451 

15V37  Mod. 

1357 

5.4 

1324 

15B41/QT 

2235 

5.6 

1600 

*  lor  comparison  only 
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Figure  3  Comparison  of  the  Resultant  Drill 
Forces  of  the  Steels  Tested 


In  addition  to  the  above  laboratory  test 
results,  no  machining  difficulties  were 
experienced  during  the  manufacture  of  the 
sample  rods  on  the  production  line.  No 
adjustments  were  made  in  machining  parameters 
to  take  advantage  of  potential  machinabil ity 
improvements  with  the  microalloyed  grades. 

FATIGUE  -  The  results  of  the  component 
fatigue  tests  are  shown  graphically  in 
Figures  4  and  5.  The  results  have  been 
"normalized"  with  current  production  rods 
being  a  base  of  1.0. 

These  results  show  both  grades  of 
microalloyed  steel  to  have  greater  mean 
fatigue  strength  than  the  current  heat 
treated  grade.  Within  the  two  microalloyed 
grades,  the  10V45  had  a  slightly  higher  mean 
fatigue  strength  than  the  15V37  modified. 


In  terms  of  distribution  of  data,  both  the 
current  15B41  and  microalloyed  10V45  had 
narrow  distributions,  while  the  15V37 
modified  had  a  broader  band.  This  indicates 
that  the  15V37  modified  would  have  a 
statistically  lower  minimum  fatigue  strength 
(mean  minus  3  times  standard  deviation). 


Figure  5  Comparison  of  the  Distribution  of 
the  Normalized  Fatigue  Strength  of 
Forged  Connecting  Rods 


In  analyzing  the  fatigue  data,  it  should  be 
pointed  out  that  the  10V45  and  15B41  were 
mi  1 1  -  product i on  heats,  while  the  15V37 
modified  were  air-melted  laboratory  heats 
consisting  of  five  separate  ingots.  This 
introduced  additional  variables  in  chemistry 
and  material  cleanliness  which  could 
negatively  impact  fatigue  properties. 

SUMMARY  AND  CONCLUSIONS 


ise4t.  a  »  T  1(V4S  15«7  IM. 


Two  nir-cooled  microalloyed  compositions  and 
one  heat  treated  steel  grade  were  evaluated 
for  connected  rod  applications.  Comparison 
of  the  results  show: 

1.  Similar  hardness  patterns  were  observed 
for  all  three  steels  with  the  thinner 
regions  of  the  I-beam  section  exhibiting 
the  higher  hardness. 

2.  Comparable  tensile  strengths  can  be 
obtained  with  air-cooled  microalloyed 
steels.  However,  yield  strength  and 
ductility  are  lower  for  microalloyed  than 
for  the  heat  treated  grade. 


Figure  4  Comparison  of  the  Normalized  Mean 
Fatigue  Strength  of  Forged 
Connecting  Rods 
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3.  Machinability  of  the  microal loyed  steels 
is  superior. 

4.  Both  microal loyed  steels  had  higher  mean 
fatigue  strengths  than  the  quenched  and 
tempered  grade  of  comparable  tensile 
strengths. 

This  evaluation  has  shown  that  microalloyed 
steels  meet  the  functional  requirements  for 
connecting  rod  forgings.  Further,  micro- 
alloyed  steels  offer  cost  reduction  potential 
through  the  elimination  of  one  or  more  heat 
treatments  following  the  forging  operation. 
Improved  machinability  also  reduces  the  cost 
of  manufacture  through  increased  tool  life 
and/or  higher  productivity.  Therefore, 
microalloyed  steels  of  the  compositions 
evaluated  in  this  study  can  be  recommended 
for  connecting  rod  applications  at  Cummins 
Engine  Company. 
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HIGH  STRENGTH  STEELS  FOR  OFF-HIGHWAY 
VEHICLES  AND  MINING  EQUIPMENT 


G.  Tither 

Niobium  Products  Company  Inc 
Pittsburgh,  Pennsylvania,  USA 


ABSTRACT 

Various  mioroalloyed  steels,  as  produced  in 
turope,  are  described.  Limitations  of  the  mech¬ 
anical  properties  with  respect  to  plate  thickness 
aiid  alloy  content  are  discussed  for  commercial 
normalized,  thermo-mechanical  controllod-rolled 
(TMCH)  and  quenched  and  tempered  steels.  Some 
industrial  applications  of  microalloyed  steels 
such  as  for  mobile  cranes,  earthraoving  equipment, 
mining  roof  support  systems  and  ventilation 
systems  are  presented. 

IMPROVEMENT  IN  EFFICIENCY  is  the  basic  reason  for 
substituting  higher  strength  steels  for  lower 
strength  steel.  In  this  context,  efficiency  can 
be  defined  as  the  benefits  accrued  due  to  weight 
saving,  a  higher  inherent  material  strength  and 
the  use  of  thinner  section  sizes  where  volume 
production  is  e  itical. 

A  saving  in  component  weight  will  increase 
the  fuel  efficiency  of  any  mobile  unit  and  if,  as 
in  the  case  of  earthmoving  equipment  such  as  dump 
trucks,  this  can  also  be  coupled  with  a  dimen¬ 
sional  saving  in  the  body  sections,  an  increase 
in  volume  transported  will  result.  A  higher 
inherent  material  strength  will  allow  increased 
lifting  capacity  for  a  given  section  size  which 
when  combined  into  the  body  and  chassis  com¬ 
ponents  of  mobile  cranes,  for  example,  produces  a 
faster,  more  fuel  efficient,  higher  grade  crane. 

A  o^,jijction  in  component  section  size  by  using 
high  strength  steel,  as  in  the  case  of  hydraulic 
roof  supports  now  being  used  in  many  coal  mines, 
maximizes  the  automatic  cutter  depth  permitting 
more  coal  to  be  extracted  from  a  given  seam.  All 
these  uses  of  high  strength  steel  can  be  simply 
translated  into  a  saving  in  cost  and  therefore 
improved  profitability. 

It  would  be  a  huge  task  to  describe  all 
pieces  of  off-highway  vehicles  and  mining  equip- 
mepr  showing  every  application  wt'''re  hirrh 
strength  steol  ip  u.sed  or  could  be  used.  The 


present  paper  will  therefoxe  present  and  briefly 
discuss  a  representative  list  of  steels  commer¬ 
cially  produced  in  Europe  and  pinpoint  several 
applications  where  they  are  being  used.  It 
should  be  remembered  that  equivalent  steels  are 
readily  available  in  the  USA,  such  as  BethStar  80, 
T1  etc.,  together  with  many  other  grades  of 
microalloyed  high  strength  steels. 

COMMERCIAL  HIGH  STRENGTH  STEELS 

Remarkable  progress,  lius  been  made  in  recent 
years  in  understanding  the  metallurgy  of  micro- 
alloyed  high  strength  steels.  This  progress  has 
been  thorougltly  monit^rgd  at  several  inter¬ 
national  conferences.  Whilst  these  confer¬ 

ences  have  discussed  at  length  the  advances  made 
in  the  physical  metallurgy  of  microalloyed  steels, 
little  space  was  given  to  commercial  applications, 
rhe  r.’.ceptior.  being  the  large  tonnage  markets  of 
linepipe  and  offshore.  Of  course  these  steels 
ran  be,  and  are  being,  used  for  other  applica¬ 
tions.  Microalloyed  steels  in  the  normalized, 
thermo-mechanical ly  controlled-roll ed  and 
quenched  and  tempered  conditions  are  being 
effectively  utilized  in  off-highway  vehicles  and 
other  industries. 

What  has  greatly  assisted  in  making  these 
steels  attractive  has  been  the  accompanying 
progress  made  in  primary  and  secondary  steel¬ 
making  processes.  Microalloyed  steels  have  found 
increasing  application  due  to  the  introduction  of 
desulphurization  and  inclusion  shape  control , 
vacuum  degassing  and  continuous  casting.  Confid¬ 
ence  in  the  use  of  high  strength  steels  has  grown 
because  of  the  benefits  incurred  from  these 
secondary  processes.  These  benefits  mainly 
include;- 

a.  sulphur  levels  below  0.00C%; 

b.  inclusion  shape  control; 

c.  hydrogen  levels  below  2  ppm; 

d.  nitrogen  levels  below  0.008%; 

e.  low  levels  of  phosphorous,  oxygen  and 

the  harml'ul  -'siduals  As,  Rn ,  ,  R' 

and  F'b; 
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f.  accurate  chemistry  range  control; 

g.  improved  product  yield,  cost  savings  and 
other  henefits. 

In  summary,  these  benefits  serve  to  improve  the 
toughness  and  weldability  and  produce  an  overall 
higher  quality  steel  with  improved  product  yield. 
The  high  strength,  microalloyed  steels  can  there¬ 
fore  now  meet  more  stringent  requirements,  and 
previous  restrictions  to  their  use  (as  seen  by 
the  designer  and  the  fabricator)  should  now  play 
a  minor  role  in  the  choice  of  steel. 

The  development  of  improved  mechanical  prop¬ 
erties  in  the  majority  of  commercial  steels  is 
based  on  well-established  principles;- 

a.  a  relatively  low  carbon  content  for 
improved  weldability  and  notch  tough¬ 
ness  ; 

b.  grain  refinement  to  improve  toughness 
and  increase  yield  strength; 

c.  precipitation  strengthening  either 
during  cooling  after  finish-rolling  or 
from  a  normalizing  treatment,  or  during 
an  aging  treatment  af*:_r  qu^r.chii'g; 

a.  solid  solution  hardening,  although  this 
technique  is  limited  in  that  it  results 
in  impaired  toughness. 

e,  benefits  due  to  improved  secondary 
processing  as  described  earlier. 

C7rain  refinement  and  precipitation  strengthening 
are  achieved  by  the  addition  of  microalloying 
elements  such  as  niobium,  vanadium  and  titanium. 

NORMALIZED  STEELS  -  Normalized  microalloyed 
steel  is  the  workhorse  of  body  construction  for 
off-highway  vehicles.  Its  usefulness  is  dictated 
by  the  strength  required  in  a  given  section  size. 
For  plate  thicknesses  up  to  63  mm  it  is  possible 
t.o  achieve  yield  strength  levels  of  up  to  4?0  N/mm^ 
with  ggod  toughness  using  a  0 . 10%C-1 . 5%Mn-0. 03%Nb 
steel.'’  A  Nb-steel  with  a  higher  carbon  equiva¬ 
lent  value  (CEV)  of  0.49%  max.  is  produced  by 
Svenskt  StSl  (OX  542)  which  guarantees  a  minimum 
yield  strength  of  390  N/mm'  in  plate  thicknesses 
up  tc  50  mm  with  a  minimum  Charpy  V-notch  (CVN) 
impact  energy  value  of  27  Joules  at  -GO'C. 

Similar  niobium-containing  steels  are  produced  by 
other  European  steelmakers  and  a  representative 
listing  is  presented  in  Table  1  (compositions) 
and  Table  2  (mechanical  properties). 

While  normalized  vanadium-containing  steels 
T'o  commercially  available  which  will  meet  a 
minimum  yield  strength  of  500  N/mra^  ,  the  plate 
fhickness  is  generally  restricted  to  about  16  mm. 
Yield  strength  levels  greater  than  480  N/mm'  are 
guaranteed  in  plate  thicknesses  up  to  35  mm  in  a 
V-Ni  steel  -  see  Grade  WSTE  (Table  2).  Several 
other  companies  produce  V  and  V-Ni  steels,  but  to 
somewhat  lower  yield  strength  levels  -  see 
Tables  1  and  2. 

Vanadium-niobium  normalized  steels  have  been 
developed  in  order  t.o  derive  the  individual  bene¬ 
fits  from  both  alloy  additions.  Most  steel 
producers  offer  this  type  of  steel,  but  the 
guaranteed  minimum  yield  strength  is  heavily 
dependent  on  section  thickness.  For  example,  a 
V-Nb  steel  produced  to  meet  a  minimum  yield 
strength  of  460  N/mm^  at  16  mm  thickness  is 


guaranteed  to  meet  only  420  N/mm^  at  80  mm  thick¬ 
ness  . 

For  all  practical  purposes  current  tech¬ 
nology  permits  the  commercial  production  of  norm¬ 
alized  steels  with  a  minimum  yield  strength  of 
460  N/mm’'  ,  but  falling  to  420  N/mm'  at  a  plate 
thickness  of  80  mm.  However,  good  toughness  with 
minimum  CVN  impact  values  of  60  J  at  -40'’C  in 
75  mm  thick  plate  can  be  achieved  at  these  high 
strength  levels. 

THERMO-MECHANICAL  CONTROLLED-ROLLEU  (TMCR) 
STEELS  -  The  good  combinations  of  strength  and 
toughness  achievable  in  normalized  steels  can  be 
further  improved  by  TMCR.  Commercially,  yield 
strengths  up  to  550  N/mm^  combined  with  sub-zero 
impact  transition  temperatures  can  be  obtained. 

Although  the  property  goals  for  TMCR  steels 
have  been  set  by  the  stringent  requirements  of 
the  pipeline  industry,  application  of  these 
steels  is  by  no  means  limited  to  this  industry 
and  TMCR  steels  are  readily  available  and  being 
used  for  general  structural  purposes,  ship- 
Duilaing,  mining  macliinery  and  earthmoving  equip¬ 
ment.  The  main  objective  of  TMCR  is  to  produce  a 
fine  ferrite  grain  size  giving  improved  strength 
and  toughness  properties.  Niobium  is  the  most 
common  microalloy  addition  made  to  TMCR  steels 
because  of  its  strong  influence  on  retarding 
austenite  recrystallization  and  inhibiting  sub¬ 
sequent  grain  growth  by  the  precipitation  of 
Nb(C,N)  particles  in  the  austenite  phase.  The 
result  is  that  by  lowering  the  slab  reheating 
temperature,  rolling  is  started  from  a  finer- 
grained  austenite  which  is  maintained  throughout 
the  rolling  schedule  to  the  final  plate  and  as 
the  rolling  ♦'empsret-'ir®  falls  the  auste.-.lLc 
grains  become  more  elongated  and  internally 
deformed.  The  increase  in  austenite  grain 
boundary  area,  plus  the  introduction  of  deform¬ 
ation  bands  within  the  austenite,  result  in  an 
increase  in  ferrite  nucleation  sites  and  a  con¬ 
sequential  fine-grained  ferrite  structure.  The 
principles  involved  in  TMCR  relative  to  rolling 
practice  and  alloy  design  have  been  well- 
docvjmented,  both  froij  ^h^oretical  and  a 
practical  viewpoint.  ’ 

Other  elements  such  as  vanadium,  titanium 
and  molybdenum  arc  also  added  to  TMCR  steels. 
Titanium  behaves  in  much  the  same  way  as  niobium 
in  that  precipitation  of  TiN  or  TiC  particles 
(if  low  reheat  temperatures  are  used)  in  the 
austenite  is  highly  effective  for  grain  refine¬ 
ment.  Vanadium,  on  the  other  hand,  is  an  effect¬ 
ive  precipi tation-strengthener  provided  the 
finish-rolling  temperature  is  not  too  low,  say 
800"C.  The  somewhat  higher  finishing  temperature 
ensures  that  some  vanadium  remains  in  solution 
in  the  austenite  and  precipitates  as  V(C,N) 
during  the  austeni te-to-ferri te  transformation 
thereby  strengthening  the  subsequent  room  temper¬ 
ature  ferrite  structure. 

The  majority  of  the  higher  strength  TMCR 
steels  produced  in  Europe  at  the  present  time 
contain  both  niobium  and  vanadium.  A  minimum 
yield  strength  level  of  550  N/mm^  with  an 
ou'cllect  fm^ uppuarance  transition 


390 


i 


temperature  (FATT)  of  -80°C  in  the  transverse 
direction  is  available  in  plate  thickness  up  to, 
and  including,  40  mm.  It  is  claimed  that  yield 
strengths  up  to  700  N/mm^  can  ^e  achieved  in 
plate  thicknesses  up  to  30  mm. 

A  representative  listing  of  the  chemical 
compositions  and  mechanical  properties  of  some 
of  the  TMCR  microalloyed  steels  currently  pro¬ 
duced  in  Europe  is  presented  in  Table  3.  As  in 
the  case  of  normalized  steels,  the  mechanical 
properties  of  TMCR  steels  deteriorate  as  plate 
thickness  increases,  h^nce  there  is  a  limit  on 
the  potential  applicat.ons  for  these  steels. 
However,  most,  if  not  all,  possible  high  strength 
component  applications  for  off-highway  vehicles 
and  mining  equipment  should  be  within  the  scope 
of  TMCR  steels.  Also  of  im.portance  is  that  a 
given  strength  level  can  be  obtained  in  TMCR 
steels  at  a  much  l^wer  CEV  than  that  possible  in 
normalized  steels,  see  Figure  1,  tliereby  making 
them  more  readily  weldable. 

QUENCHED  AND  TEMPERED  STEELS  -  The  effective 
way  to  manufacture  higher  strength  structural 
steel  plates  vi*-'-  j  icid  iLrengths  of  550  N/mm' 
and  above,  in  thicknesses  of  30  mm  and  above,  is 
by  quenchin^^and  tempering.  Except  for  a  few 
exceptions,  to  produce  steels  with  yield 
strength  values  above  620  N/mm*  with  good  tough¬ 
ness  it  is  necessary  to  quench  and  temper  even  in 
thinner  gauges. 

The  development  of  comme-'cial  quenched  and 
tempered  (QT)  steels  has  taken  two  distinct 
paths : - 

a.  steels  containing  austenite  grain 
refining  and  precipitation  strengthening 
additions  such  as  Nb,  V  and  Ti; 

b.  steels  containiiig  only  elements  added 
for  hardenab t 1 i ty . 

The  microalloyed  steels  are  generally  limited  to 
plate  thicknesses  <50  mm  because  of  t:he  reduced 
hardenability  effect  of  a  finer  austenite  grain 
size,  although  alloying  to  offset  this  reduction 
can  raise  the  thickness  to  80  mm.  OT  steels 
containing  additions  of  Ni,  Cr,  Mo  and  Mn  can  be 
designed  to  nave  sufficient  hardenability  to 
transform  to  martensite  and  lower  bainite  in 
plate  thicknesses  up  to  150  mm  and  above.  The 
level  of  alloying  for  both  routes  depends  on  the 
cooling  rate  and  hence  the  quenching  unit. 

The  microalloyed  OT  steels  have  lower  CEV 
and  hence  better  weldability.  The  metallurgical 
design  for  commercial  OT  steels  has  been  depend¬ 
ent  on  the  efficiency  of  individual  steelmakers' 
quenching  units.  It  is  significant  to  note  that 
the  companies  that  utilize  an  efficient  rotle’^- 
quench  unit  have  followed  the  microalloying  route 
while  those  that  possess  a  pi  at ten-quench  unit 
(which  gives  a  slower  cooling  rate)  have  tended 
to  follow  the  'alloying'  route. 

The  chemical  compositions  of  some  of  the 
reiieated,  quenched  and  tempered  microalloyed 
steels  produced  in  Europe  are  given  in  Table  4 
and  their  mechanical  properties  in  Table  5.  It 
should  be  noted  that  the  highest  minimum  yield 
strength  quoted  is  690  N/mm^  and  is  onlv  a”a'.  i- 
able  from  two  ■  mr-'-,-;;,..  using  the  efficient 


high  cooling  rate  rol ler-qucnch  unit.  These  two 
companies  also  supply  the  thicker  plates.  A 
small  addition  of  boron  is  made  to  the  higher 
strength  steels  to  effect  through-hardenabi li ty . 

Relating  theory  to  practice.  Figure  ?  shows 
how  the  desired  microstructures  and  hence  mech¬ 
anical  properties  of  BSC  '  s  ROT  steels  are 
eventually  achieved.  The  higher  cooling  rates 
possible  on  the  roller-quench  mean  that  a  low 
temperature  transformation  product  is  obtained 
even  in  plates  of  leaner  composition.  The  con¬ 
tinuous  cooling  curves  for  12.7,  25  and  38  mm 
thick  plates  of  RQTSOl  and  701  show  that  at  all 
plate  thicknesses  the  required  microstructure  can 
be  achieved.  The  steels  exhibit  a  uniform  micro- 
structure,  and  hence  properties,  thr^.aghouc  the 
plate  thickness  as  illustrated  by  the  hardness 
profiles  in  Figure  3.  In  the  microalloyed  QT 
steels  the  Ms  temperature  is  relatively  high  and 
the  martensitic  microstructure  experiences 
significant  autotempering  ensuring  freedom  from 
cracking  during  quenching  and  heat-affected  zone 
(HAZ)  cracking  during  welding.  Transverse  CVN 
impact  test  results  show  that  these  microalloyed 
OT  steels  have  very  high  shelf  energies  of 
250-300  Joules  du'  to  the  combination  of  low 
carbon  and  very  low  sulphur  contents.  Low  impact 
transition  temperatures  of  around  -75°C  are  also 
recorded.  ^ 

Some  of  the  higher  alloyed  Ni-Cr-Mo  OT 
steels  also  contain  microalloy  additions  such  as 
the  N-A-XTRA  steels  (0.12%Zr  max.),  the  SUPERELSO 
steels  (0.09%V)  and  the  DSE  steels  (O.ObW), 

Table  6.  In  this  category  of  steels  there  are 
two  (OX  1002  and  XABO  90)  that  achieve  a  minimum 
yield  strength  of  890  .  The  XABO  90  steel 

contains  up  to  0.10%V  and  can  achieve  this  high 
strength  level  in  plates  up  to  50  mm  thick  with  a 
guaranteed  minimum  CVN  impact  energy  value  of 
2"^  Joules  at  -40'’C.  the  mechanical  properties 
of  the  alloyed  OT  steels  that  contain  micro- 
alloying  additions  are  given  in  Table  7. 

OFF-HIGHWAY  APPLICATIONS 

The  market  fer  liigh  strength,  microalloyed 
steels  in  applications  such  as  eart.tmoving  equip¬ 
ment,  excavators,  industrial  machinery,  cranes 
etc.  is  dependent  on  the  design  criteria  of 
individual  companies  and  the  size  of  equipment 
manufactured.  Most  companies  use  a  355  N/mm^ 
yield  strength  steel  for  such  parts  as  booms, 
dippers,  chassis  and  general  structural  parts  or 
panels.  The  major  limitation  to  usinq  high'', 
strength  steel  is  the  fact  that  full  advantage 
cannot  be  taker  of  the  yield  strength  of  the 
steel  because  the  design  is  generally  dictated 
by  the  fatigue  of  the  welded  joint.  This, 
however,  has  not  prevented  the  use  of  higher 
strength  steels  since  various  procedures  can  be 
adopted  to  overcome  this  problem.  These  will  he 
discussed  later  where  appropriate. 

CRANES  -  For  many  years  high  stren^'^h  r-'ocls 
have  been  used  in  tlie  construction  of  cranes  and 
other  types  of  lifting  gear.  The  strength  levels 
used  obviously  depend  on  the  type  of  crane  and 
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the  design  philosophy.  Manufacturers  who  design 
for  long  life,  and  for  cranes  that  are  subject 
to  fatigue  conditions,  tend  to  use  as-rolled  or 
normalized  V-Nb  steel  of  355  N/mm^  minimum  yield 
strength  as  their  maximum  strength  material.  The 
advantages  of  post-weld  treatments  to  improve  the 
fatigue  life  are  well  appreciated  in  most  cases, 
but  it  is  claimed  that  they  are  very  difficult  to 
implement  and  control.  Using  this  design  criter¬ 
ion,  the  only  likely  application  for  higher 
strength  steel  in  the  near  future  would  be  on  a 
jib. 

The  area  where  higher  strength  microalloyed 
steel  is  rapidly  becoming  more  established  is  for 
mobile  cranes.  A  reduction  in  weight  can  greatly 
improve  the  performance  and  efficiency  of  a 
mobile  unit.  Steels  with  yield  strength  levels 
up  to  690  N/mm^  are  rapidly  replacing  the  lower 
yield  strength  (355  N/mm^  )  steels  for  most  of  the 
structural  parts.  This  is  being  brought  about 
because  customers  are  requesting  low  temperature 
toughness  properties  coupled  with  weight  saving. 
Weight  saving  is  not  only  important  with  -espect 
to  fuel  efficiency  and  performance  but  also 
because  certain  countries  specify  maximum  axle 
weights  for  such  vehicles.  Therefore  to  remain 
competitive  higher  strength  steels  are  being 
increasingly  used. 

Examples  where  microalloyed  OT  steel  is 
being  used  in  mobile  cranes  are  shown  in  Figures 
4-7.  The  AT400  (Figure  4)  is  produced  by  Grove 
Manufacturing  Company  in  the  USA  and  utilizes 
Grade  T1  for  many  parts  including  the  70  ft 
telescopic  boom  and  43  ft  telescopic  swingaway. 
The  vehicle  weighs  under  40,000  lbs  with  single 
axle  loads  below  20,000  lbs  thereby  making  it 
' readable ’  throughout  North  America.  The  AT400 
lightweight  mobile  crane  can  reach  a  maximum 
speed  of  90  kph  and  still  maintains  over  a 
10  tonne  pick-and-carry  capacity. 

The  mobile  cranes  produced  by  Grove  Coles 
Ltd.  in  the  UK  (Figures  5-7)  are  constructed 
mainly  of  roller-quenched  and  tempered,  micro- 
alloyed  steels.  All  grades  of  BSC's  ROT  steels 
fSOl,  601,  701)  are  used  with  all  the  booms  being 
made  from  R0T7O1  ( 0 . 06%Nb-0 . 04%Ti ) .  The  majority 
of  plates  are  12,  16  and  20  mm  thick,  although 
R0T701  is  purchased  up  to  30  mm  thickness. 

Figure  b  shows  the  largest  AT  crane,  the  1400, 
which  has  a  lifting  capacity  of  125  tonnes.  The 
most  modern  AT  crane  is  the  1100  (100  tonne 
lifting  capacity)  which  is  manufactured  on  either 
a  4  or  5  axle  chassis  to  suit  individual  roading 
regulations.  These  70  kph  mobile  cranes  all  use 
a  subs  LanCi.-.l  amount  of  microalloyed  high 
strength  steel .  It  is  estimated  that  a  weight 
saving  of  about  30%  is  achieved  when  using  P0T701 
(690  N/mm'  YS )  as  compared  with  a  355  N/mm'  YS 
steel . 

Other  steels  with  strength  levels  inter¬ 
mediate  of  the  norm-'l.izcd  355  grade  and  ROTvni 
are  utilized  in  mobile  cranes.  Examples  include 
BethStar  80,  which  is  a  controlled  rolled  steel 
of  550  N/mm^  minimum  yield  strength, and  DOMEX 
640XP,  which  is  a  controlled  processed  steel 
produced  on  a  hot  strip  mill.  BethStar  80  is  a 
low  carbon  steel  containing  0.10%V  and  0.06%Nb 


and  has  a  CEV  of  only  0.40%.  DOMEX  640XP  is  also 
a  low  carbon  steel  with  about  0.14%V  and  0.035%Nb 
and  has  excellent  cold  formability. 

It  should  be  noted  that  mobile  cranes  are 
generally  designed  for  static  loading  conditions 
and  so  no  fatigue  conditions  are  experienced. 

The  practice  is  to  'undermatch'  the  strength  of 
the  weld  and  high  strength  electrodes  are  only 
used  if  necessary,  depending  on  the  design. 

For  the  future,  the  requirement  is  for  a 
steel  with  a  yield  strength  of  890-960  N/mm^  with 
14%  minimum  elongation.  Such  steels  already 
exist  e.g.  OX  1002  (Svenskt  StSl)  and  XABO  90 
(Thyssen  Stahl).  XABO  90  (Ni-Cr-Mo,  0.10%V  steel) 
has  already  been  used  for  heavy  duty  cranes  with 
a  load  capacity  of  1000  tonnes. 

EARTHMOVING  EQUIPMENT  -  Equipment  used  in 
the  construction  industry  is  subjected  to  both 
severe  climatic  conditions  and  a  variety  of 
different  materials  to  be  moved.  In  Canada  and 
the  Soviet  Union,  for  example,  vehicles  may  have 
to  be  used  in  temperatures  as  low  as  -40'’C. 
Materials  as  diverse  as  soft  soil  or  hard  rock 
may  have  to  be  moved.  Off-highway  construction 
equipment  includes  crawler  tractors,  scrapers, 
loaders,  bulldozers,  dump  trucks,  haulers  etc., 
all  of  which  need  good  impact  resistance  at  low 
temperatures,  good  fatigue  properties  and  good 
weldabi 1 i ty . 

Earthmovit.g  equipment  invariably  undergoes 
continual  vibration  while  moving  over  undulating 
terrain  and  hence  materials  with  good  fatigue 
life  are  specified.  Since  the  fatigue  life  of  a 
structure  is  dependent  on  the  fatigue  life  of  the 
welded  joint,  the  weight  saving  advantage  of  high 
strength  steel  in  some  applications  cannot  be 
fully  gained.  Consequently,  there  is  a  reluct¬ 
ance  to  use  microalloyed  steels  unless  the 
structure  can  be  designed  whereby  the  welded 
joints  are  not  subjected  to  stress  situations. 

The  maximum  yield  strength  steel  that  manu¬ 
facturers  tend  to  use  for  general  constructional 
purposes  is  normally  restricted  to  355  N/mrn  .  In 
the  UK  this  steel  is  typically  supplied  to 
BS  4360  ;  Grades  50B  or  50C ,  both  of  which  are 
nominally  0 . 04%Nb-'J . 08%V  normalized  steel  (can 
be  supplied  in  the  as-rolled  condition).  The 
backhoe  loader  (a  tractor-type  vehicle  with 
bucket  at  the  frent  and  digger  at  the  rear)  shown 
in  Figure  8  is  typical  of  such  equipment.  In 
1987  J.  c.  Bamford  (UK),  the  major  manufacturer 
of  backhoe  loaders,  produced  over  7,000  units. 

They  are  using  increasing  tonnages  of  Grade  508 
for  the  loader  buckeLaud  digger  bucket  frames.  A 
Nb-V  steel  (Grade  50C )  is  also  used  in  the  con¬ 
struction  of  roll  over  protective  cages  (ROP's). 
Higher  Si,ierigtii  atcci  i  ^  eni-ikely  to  be  used  for 
this  application  since  too  thin  a  section  would 
result  and  the  tubes  would  start  to  buckle  within 
the  web.  The  ci'-onpth  "f  s-r-.m-::,  j.,crc;  snd 
arms  lu  important  when  lifting  dead 
weights  and  these  are  obvious  candidates  for 
microalloyed  steel.  A  C-Mn-Si  steel  (no  micro¬ 
alloy  addition)  is  mainly  used  for  the  structure, 
so  furtlier  scope  remains  for  the  production  of  an 
overall  lighter  unit  by  introducing  the  Nb-V  steel. 
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Small  tonnages  (about  50  tonnes/year)  of 
roller-quenched  and  tempered  steel  v.'ith  a  yield 
strength  of  690  N/mm^  (i.e.  RQTVOl  or  OX  812)  are 
used  on  the  backhoe  loader.  Small  sections  of 
25mm  plate  are  being  placed  in  vulnerable  coll¬ 
ision  areas  such  as  the  corners  of  buckets.  This 
is  a  new  application  and  if  no  problems  are 
experienced  the  use  of  microalloyed  QT  steel  will 
be  greatly  increased. 

Caterpillar  have  recently  started  to  manu¬ 
facture  backhoe  loaders  in  the  UK  and  whereas 
they  also  use  large  tonnages  of  Nb-V  as-rolled 
or  normalized  steel  (BS  4360  :  Grade  SOB),  some 
2,500  tonnes  of  microalloyed  ROT701  is  also  con¬ 
sumed  for  the  cutting  edges  on  the  backhoe  bucket 
and  the  front  loader  bucket.  The  Nb-Ti  OT  steel 
is  delivered  as  plate  and  then  manufactured  into 
a  cutting  edge  section.  A  new  application  for 
microalloyed  QT  steel  under  evaluation  at  the 
present  time  is  for  rock  buckets,  to  be  .Manu¬ 
factured  in  the  UK. 

The  market  for  forklift  trucks  has  improved 
considerably  since  1980  and  sales  in  the  UK 
reached  3,000  units  in  1986.  The  mast  sections 
of  the  truck  are  now  being  produced  from  460  N/mm' 
yield  strength  steel.  The  steel  sections  -ar'' 
rolled  from  steel  with  Die  following  composition 
(wt.%) :- 

C  Si  Mn  V 

0.23/0.30  0.15/0.30  1.0/1. 3  0.05/0.08 

The  rough  terrain  forklift  truck  has  a  strong 
future  in  Europe  because  of  its  versatility  in 
application,  performing  tasks  whicii  would 
normally  be  undertaken  by  self-erecting  tower 
cranes . 

Off-highway  haulage  trucks,  Figure  9,  are 
constructed  mainly  of  high  strength  steel.  This 
is  simply  to  reduce  weight  and  improve  the 
payload-to-empty-weight  ratio.  High  strength  low 
alloy  steel  plate  and  sections  are  used  for 
fabricated  structural  members  such  as  frames  and 
dump  bodies.  The  latter  application  usually 
requires  good  dent  and  abrasion  resistance. 
Quenched  and  tempered  steels  meeting  ASTM  Spec¬ 
ification  A514  are  typically  used  and  include  low 
carbon  0. 03/0. 08%\-0. 01/0. 03%Ti  steels  or 
titanium-only  steels  (w  0 . 08%T  i  )  .  These  steels 
are  he.at-treated  to  meet  a  minimum  yield  strength 
requirement  of  620  N/mm^  in  section  sizes  above 
63mm  thickness,  and  690  N/mm'  in  thinner  product. 
Similar  steels  (RQT  grades)  containir.g  small 
additions  of  Nb  (-Ti)  are  produced  in  the  UK  for 
similar  applications. 

As  an  alternative  to  quenched  and  tempered 
low  alloy  steel,  control ied-rol led  microalloyed 
st"'"!  grades  a^e  becoming  increasingly  popular 
due  to  their  lower  production  and  alloying  costs. 
As  noted  in  Table  3,  tMcn  s’-'lc  ":;1. ;  t  i  t  i 
1 T!  I  mu.T.  yi.e±u  sLieiigth  values  of  550  N/mm’’  are 
readily  available. 

Also  commercially  available  are  controlled- 
processed  hot  .strip  mill  grades  such  as  DOMEX 
bdOXF,!"^  as  mentioned  in  the  previous  section. 

The  steel  has  a  very  low  sulphur  content,  (G.O0?%) 
for  good  formability  and  is  produced  in  st.rip  up 


to  8mm  thickness.  A  typical  chemical  composition 

is  (wt.%) :- 

C  Mn  Nb  V  S  P 

0.10  1.60  0.035  0.14  0.002  0.015 

with  a  minimum  yield  strength  of  640  N/mm^  . 

DOMEX  640XP  is  used  for  the  front  wall  and  the 
'ribs'  in  the  body  of  dump  trucks. 

As  mentioned  earlier,  dent  resistance  is  an 
important  property,  particularly  in  earthmoving 
equipment  subjected  to  conditions  where  rock  nr 
ore,  for  example,  are  dropped  into  the  body. 
Although  an  obvious  move  to  counteract  denting 
would  be  to  increase  the  section  thickness,  the 
desire  for  weight  reduction  obviously  favours  the 
use  of  higher  strength  steels.  Results  of  dent 
resistance  studies  have  been  published  by 
Nilsson^'^  and  are  summarized  in  Figure  10.  The 
superiority  of  the  higher  yield  strength  steel 
(655  N/mm''  )  is  obvious  and  it  can  be  seen  that 
the  dent  resistance  of  a  3mm  thick  sheet  of 
DOMEX  640XP  is  almost  the  same  as  that  of  a  5mm 
thick  sheet  of  380  N/mm^  yield  strength. 

A  more  recent  development  has  been  that  of 
higher  strength  bainitic  grades  produced  on  the 
)iot  strip  mill.^®  The  typical  chemical  comp¬ 
ositions  for  two  bainitic  grades  are  (wt.%):- 


Min. 

700 

,  YS 
N/mm'  : 

C 

0.08 

Mo 

Mn 

1.30 

Nb 

0.05 

Ti 

0.18 

B 

0.003 

N 

0 . 006 

V50 

N/mm'  : 

C 

0.08 

Mn 

1 .75 

Nb 

0.05 

Ti 

0  _  04 

B 

Q.OO? 

N 

0.006 

Mo 

0.15 


The  steel  chemistry  is  designed  to  combine  the 
strengthening  effects  due  to  grain  refinement, 
dislocation  substructure  and  precipitation. 
Niobium,  titanium,  boron  and  molybdenum  are 
instrumental  in  providing  these  effects.  Appli¬ 
cations  include  truck  frames,  cross  members  and 
others  parts  of  dump  trucks,  mobile  cranes  and 
earthmoving  equipment. 

MINING  EQUIPMENT 

Traditional  applications  of  high  strength 
steels  in  the  raining  industry  include  lift  arras, 
buckets,  skips,  mining  cages,  roof  support  arches 
etc.  More  recently  (since  1983)  Diey  ha''e  found 
application  in  hydraulic  roof  support  systems. 
Figure  11,  which  are  now  being  used  in  all  major 
coal  producing  countries.  Microalloyed  n,03%Nh- 
0.06%V  steel  plate  processed  to  meet  a  minimum 
yield  strength  of  356  N/mm'  is  mainly  used  for 
the  body  structure  Hieher  s*-onpth  D 

( m  I  iuyeu  11  sueeis)  cii'e  used  for  the  hasp, 

the  canopy,  tops  and  cantilever  sections.  The 
roof  support  system  shown  in  Figure  utilizes 
R0T5ni ,  601  and  701  for  section  sizes  up  to  40mm 
tliickness  and  OX  812  for  parts  of  greater  thick¬ 
ness.  The  most  popular  section  size  used  is 
40mm  t,  followed  by  20-25mm  t  . 

The  use  of  higher  strength  so  eels  maximizes 
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the  height  between  the  base  and  the  canopy  by 
allowing  a  reduction  in  their  section  thickness 
thereby  maximizing  the  automatic  cutter  depth  and 
permitting  a  greater  amount  of  coal  to  be  cut 
from  the  seam.  This  is  particularly  important 
in  shallow  seams  where  just  a  small  increase  in 
blade  depth  can  markedly  increase  the  amount  of 
coal  extracted  and  make  the  operation  much  more 
efficient.  The  extra  space  also  allows  for 
better  ventilation  and  easier  access.  Components 
were  redesigned  to  incorporate  high  strength 
steels,  and  parts  are  designed  up  to  the  yield 
strength  in  order  to  obtain  the  best  possible 
weight  advantage  and  reduction  in  section  thick¬ 
ness. 

It  is  estimated  that  in  the  UK  alone  some 
50,000  tonnes  of  microalloyed  lib-V  steel  to 
BS  4360  :  50B  (minimum  yield  strength  355  N/mm'  ) 
are  currently  consumed  in  the  construction  of 
roof  support  system.s.  The  market  for  the  micro- 
alloyed  OT  steels  is  around  15,000  tonnes,  but 
the  potential  is  for  double  this  figure.  These 
roof  support  systems  are  also  only  being  used  in 
coal  mining  at  present  and  efforts  are  being  made 
to  extend  their  use  to  the  mining  of  other 
minerals  and  deposits.  The  potential  for  micro- 
alloyed  steels  is  therefore  extremely  promising. 

High  strength  steels  are  finding  increasing 
use  for  impellers  and  structural  parts  of  fans, 
blowers  and  ventilation  equipment  in  many  indus¬ 
tries,  including  mining.  The  main  application 
is  for  impellers  in  fans,  simply  as  a  means  of 
saving  weight.  The  steels  used  in  the  impeller 
shown  in  Figure  12  (3000mm  dia.  impeller  with  a 

tip  speed  of  160m/sec.)  are  R0T501  or  ROT701. 
These  steels  are  required  to  maintain  good  mech¬ 
anical  properties  up  to  400°C.  The  microalloyed 
ROT  steels  comply  with  the  necessary  requirements; 

R0T5O1;  360  N/mm'  YS  at  400‘’C  and  CVN  41  J  at 

-40°C 

R0T701:  610  N/mm*  YS  at  400“C  and  CVN  27  J  at 

-45‘’C 

Mild  steel  is  still  being  used  for  impellers  and 
therefore  scope  exists  for  increasing  the  tonnage 
of  higher  strength  microalloyed  steel  for  this 
appl ication . 

Higher  strength  steel  in  critically  high- 
stressed  components  allows  rotating  equipment  to 
be  made  lighter  so  that  rotation  is  easier  and 
the  overall  efficiency  of  the  structure  is 
significantly  increased.  From  a  different 
aspect,  a  larger  rotor  system  could  be  assembled 
with  a  similar  weight  to  that  of  a  smaller  rotor 
assembly  constructed  from  lower  strength  steel 
and  would  giv“  a  better  performance  as  a  result 
of  its  increased  size.  The  diameter  of  such 
rotors  varies  between  2.0  and  4.5m  and  the  thick¬ 
ness  of  the  plates  used  is  10-60mm  with  the 
majority  of  plates  being  up  to  30mm  thickness. 

Aerofoil  blades  are  also  beginning  to  be 
produced  from  mi^.wulloyed  QT  steels.  These 
blades  are  20mm  thick  when  made  with  mild  steel. 
When  ROT701  is  used  the  blade  thickness  can  be 
dramatically  reduced  to  6-8mm,  thereby  offering 
a  significant  weight  saving. 


In  much  the  seme  way  as  surface  earthmoving 
equipment  benefits  from  the  use  of  high  strength 
steel,  so  too  does  mining  equipment  used  below 
ground.  In  the  example  shown  in  Figure  13  the 
lift  arms  of  the  loader  are  made  from  OX  812 
(0.05%V-0.002%B  OT  steel).  In  addition  to 
reducing  vehicle  weight,  the  use  of  higher 
strength  steel  permits  the  haulage  of  a  greater 
weight  of  rock/ore. 

SUMMARY  AND  DISCUSSION 

The  increasing  use  of  microalloyed  steel  for 
some  off-highway  and  mining  applications  has  been 
discussed.  Technological  progress  over  recent 
years  has  made  higher  strength  steels  more 
acceptable  to  these  and  other  industries. 
Depending  on  strength  requirements  and  section 
thickness,  microalloyed  steels  are  available  in 
the  normalized,  control led-rol led  or  quenched  and 
tempered  conditions. 

The  use  of  microalloyed  steels  has  been 
prompted  by  the  desire  to  reduce  vehicle  or 
equipment  weight.  It  should  again  be  noted  that 
by  ...absti  tuting  a  steel  of  690  N/mm^  YS  for  a 
steel  of  355  N/mm^  YS  in  the  construction  of 
mobile  cranes,  a  weight  saving  of  around  30%  is 
possible.  A  more  comprehensive  assessment  of  the 
value  of  substituting  higher  strength  steel  for 
low  strength  steel  has  been  made  by  Doennecke  and 
Shelton.l^  They  calculated  that  a  mining  truck 
operator  with  20  trucks  on  an  80%  availability 
base  could  save  over  $210,000  per  year  by  using 
high  strength  steel  for  body  and  chassis  members. 
By  using  a  microalloyed  QT  steel  of  690  N/mm^  YS 
it  was  possible  to  reduce  the  weight  of  a  haulage 
truck  of  83,000  kg  (empty)  by  17%  to  69,000  kg, 
thereby  increasing  the  payload  by  some  17,500,000 
kg  per  year.  The  economics  of  using  higher 
strength  steel  are  therefore  obvious,  as  illus¬ 
trated  in  Figure  14  which  shows  production 
figures  relative  to  vehicle  weight.  The  advant¬ 
ages  of  using  microalloyed  steel  for  roof  support 
systems  and  impellers  and  blades  in  ventillation 
equipment  have  also  been  discussed.  The  market¬ 
place  for  high  strength  steels  for  roof  support 
systems  is  especially  encouraging  since  only 
coal  mines  have  so  far  been  converted.  Ventill¬ 
ation  equipment  is  also  taking  advantage  of  micro- 
alloyed  steel  and  much  more  efficient  fans  are 
now  being  manufactured.  Faster  rotational  speeds 
are  possible  for  similar  size  fans  or  a  larger 
rotor  system  can  be  installed  at  a  similar  weight 
to  that  of  a  smaller  unit  made  from  lower 
strength  steel . 

However,  ea  h  industry  has  its  own  individ¬ 
ual  problems  associated  with  the  use  of  higher 
strength  microalloyed  steels.  The  more  common 
problems  are  springback  and  fatigue  of  welded 
joints.  Springback  is  solved  by  experience  - 
plates  are  'over-formed'  so  that  the  plate  edges 
return  to  a  position  that  facilitates  welding, 
the  extent  of  over-forming  being  determined  by 
trial  and  error.  A  secondary  problem  is  that  the 
first  plate  of  a  batch  is  typically  used  as  a 
gauge  to  estimate  how  much  the  rest  of  the  batch 
should  be  strained.  Any  inconsistency  in  plate 
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properties  within  a  batch  results  in  a  variation 
in  the  percentage  overstrain  and  obvious  product¬ 
ion  problems.  However,  improvements  in  secondary 
steelmaking  procedures  and  controlled  processing 
have  now  minimized  this  problem  and  steelmakers 
are  now  capable  of  producing  ur.iform  and  con¬ 
sistent  mechanical  properties  for  any  particular 
grade  of  high  strength,  microalloyed  steel. 

Fatigue  of  welded  joints  has  been  a  major 
drawback  to  the  more  extensive  use  of  high 
strength  steels  since  the  stability  of  many 
structures  is  dictated  by  this  property.  In 
unwelded  steels  the  fatigue  strength  increases 
as  the  tensile  strength  of  a  steel  increases  and 
this  ife  oecause  fatigue  crack  initiation  takes 
longer  in  higher  strength  steels.  Crack  propa¬ 
gation,  however,  is  independent  of  the  mechanical 
properties  and  microstructure  of  the  steel,  and 
consequently  using  a  higher  strength  steel  rather 
than  a  lower  strength  steel  will  not  improve  the 
fatigue  life  of  a  structure  unless  weld  defects 
can  be  eliminated.  The  elimination  of  weld 
defects  will  give  a  longer  crack  initiation 
period  which  will  extend  the  fatigue  life. 
Microalloyed  steels  could  therefore  be  used  to 
greater  advantage  if  some  type  of  post-weld 
improvement  treatment  is  applied. 

Weld  improvement  techniques  such  as  peening, 
TIG-dressing  and  grinding,  together  with  improve¬ 
ment  in  weld  geometry,  greatly  reduce  or  elimin¬ 
ate  defects  or  (in  the  case  of  peening)  introduce 
a  surface  layer  of  compressive  stresses  which 
dramatically  reduce  crack  propagation  and  signif¬ 
icantly  improve  the  fatigue  life  of  higher 
strength  steel  joints. As  an  example,  it 
has  been  shown  on  welded  joints  of  a  690  N/mm^ 
yield  strength  steel  that  the  fatigue  strength 
could  be  increased  by  nearly  100%  to  about 
350  N/mm*  through  the  introduction  of  compressive 
stresses  by  shot  peening, Figure  15.  The 
problem  of  weld  fatigue  could  also  be  greatly 
reduced  or  eliminated  by  simply  redesigning  a 
structure  whereby  the  welded  joints  are  not 
subjected  to  high  stresses.  It  should  also  be 
noted  that  the  use  of  welding  electrodes  with 
improved  fluidity  has  given  a  notable  increase 
(up  to  85%)  in  the  fatigue  life  of  welded  joints 
in  microalloyed  steels. 

To  conclude,  the  benefits  of  substituting 
microalloyed  high  strength  steels  for  lower 
strength  steels  are  being  increasingly  appre¬ 
ciated  by  industry.  The  off-highway  and  mining 
industries  are  no  exception  and  many  parts  are 
now  made  from  microalloyed  steels.  The  potential 
for  increased  usage  of  these  steels  is  most 
promising.  Problems  associated  with  springback 
and  fatigue  of  welded  joints  can  be,  and  have 
been,  overcome. 
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Table  1 


Chemical  Composition  of  a  Representative  Sample  of  Higher  Strength 
Normalized  Steels  Produced  in  Europe 


- - 1 

steel 

— 

Producer 

— 

c 

max . 

Mn 

max. 

Si 

max . 

P 

max. 

Steex 

S 

max . 

Composition,  wt.% 
Nb  V 

max . 

Ni 

Cr 

max. 

Mo 

max- 

Cu 

USITEN  420-11 

- 1 

USINOR 

0.22 

1.6 

0.55 

0.035 

0.030 

- 

- 

0.5/0. 7 

0.2 

0.1 

0 . 3  max. 

USITEN  460-1 

USINOR 

0.20 

1.7 

0.50 

0.035 

0.030 

0.045 

0.07/0.13 

CM 
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0.1 

0 . 3max. 

USITEN  460-11 
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0.18 
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0.40 
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0.09/0.15 

0.5/0. 7 

0.2 
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0 . 3max. 

EG  43  T 

THYSSEN 

0.18 

1.7 

0.5 
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- 

0.10/0.18 
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- 

- 

- 

EG  47  CT 

THYSSEN 

0.15 
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0. 5/0.7 

- 

- 
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THYSSEN 
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- 
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- 

- 

- 
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- 
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- 

- 

- 
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0.20 

1.7 
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- 
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- 

- 

"  i 

HYPLUS  29 

BSC 

0.22 

1.6 
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0.03 

- 
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- 

- 

- 

- 

BS  4360  :  55E 
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0.04 
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- 

- 

- 

- 

WSTE  500 

CREUSOT- 

LOIRE 

0.18 

1.6 

- 

J.015 

0.010 

- 

0.10  max. 

0. 3/0.7 

- 

- 

- 

Table  ?  -  Mechanical  Properties  of  a  Representative  Sample  of 
Higher  Strength  Normalized  Steels  Produced  in  Europe 


Steel 


Minimum  Yield  :  Minimum  Ultimate 
Strength  (N/mm^  )  I  Tensile  Strength 
j  (N/mm^  ) 


Minimum  Charpy  V-Notch 
Impact  Energy  (Joules) 


Plate 
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— 
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0 

Long. 

_ 

“C 

Trans . 
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56 

44 

28 

21 
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- 

48 

36 

i 
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48 
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28 
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27 
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31 
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- 
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90 
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27 
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90 

*70 

30 

27 

HYPLUS  29 

450 
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- 

- 
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Tablf'  -  Compositions  and  Mechanical  Properties  of 

Rcpresental  ive  TMCR  Stools  F-’roduced  in  Europe 
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Tabl^  4  -  Compositions  of  Micronlloyod  Reheated  OT  Steels 


T'lblr  -  Mrrhanica]  {’mpr-ptics  (A'  Mi  croal  li^iyr-d  Rph'^.'^t  ^-d  QT 


>Tip' *r  i  ?  i  "f; ,  wh'^r'^  ranpr-  is  fj^ivr-n) 


401 


Steel 

- - - 1 

Producer 

Gauge 

(mm) 

max. 

Minimum 

Yield  Strength 
(N/mm*  ) 

Tensile 
Strength 
(N/mm*  ) 

El.% 
min . 

N-A-XTRA  56 

THYSSEN 

50 

550 

670-820 

18 

N-A-XTRA  63 

THYSSEN 

50 

620 

740-890 

17 

N-A-XTRA  70 

THYSSEN 

50 

690 

790-840 

16 

XABO  90 

THYSSEN 

50 

890 

940-1100 

16 

T1 

THYSSEN 

63 

690 

760-900 

16 

SUPERELSO  500 

CREUSOT-MARREL 

100 

500 

600-750 

18  i 

SUPERELSO  600 

CREUSOT-MARREL 

80 

600 

700-850 

17  ! 

SUPERELSO  702 

CREUSOT-MARREL 

100 

700 

820-940 

16 

DSE  500 

DILLINGER 

60 

500 

600-770 

17 

DSE  550 

DILLINGER 

60 

550 

650-820 

16  i 

DSE  620 

DILLINGER 

60 

620 

720-890 

1 

DSE  690 

DILLINGER 

60 

690 

770-940 

14  1 

ASA  75  T 

ITALSIDER 

30 
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- 

0T445B 

BScl 

51 

695 
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18 

/ 

63 
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18 

CVN  Impact 
Energy  ( 
at  -aO°C 

Long.  Trans. 

40  31 

40  31 

40  31 

31  27 

27  20^^ 


50  45 


40  30 

40  30 

40  30 

40  30 

35*^ 

20*^  27^ 


^Minimum  values,  average  of  3  specimens 

^-46«C 

^-SO^C 

'^-15  =  0 
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or., 7  p  Mn  Cr  +  Mo  +  V  Ni  +  Cu 
CEV  =  C  >  +  - - -  +  — — . 


Fig.  1  -  The  effect  of  CEV  on  the  yield 
strength  of  various  grades  of 
structural  steels  after  different 
processing  routes ^ 
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C  Me  S'  Nb  Mo 

0  1  SS  1  35  0  30  0  04  0  14 


(b)  RQT701 


Fig.  ?  -  Cc)ntinuou!=^  Cooling  Tranj^forma^  ion  TCCT)  Curves  for  (a)  RQT501  and 
ROT'/'Ol^-  fCnurtesy  of  British  St.eel  Corporation) 


Hardness  Hv  30  Hardness  Hv  30 
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Analysis  % 
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Mn  1.35 

Si  0.35 

Mb  0.035 


Analysis  % 

C  0.15 
Mn  1.37 
Si  0.32 
Nb  0.03 
V  0.05 


Distance  from  plate  midthickness  (mm) 


(a)  R0T5O1 


300 

250 
200  |- 


12mm 


Analysis  * 

C 

0.15 

Mn 

1.35 

Si 

0.36 

Nb 

0.04 

Mo 

0.14 

Analysis  % 

c 

0.16 

Mn 

1.40 

Si 

0.32 

Nb 

0.03 

Mo 

0.15 

B 

0.0015 

Distance  from  plate  midthickness  (mm) 


(b)  R0T7O1 

Fig.  3  -  Typical  through  hardening  performance  of 
(a)  ROT501  and  (b)  R0T701  (tempered  condition) 
(Courtesy  of  British  Steel  Corporation) 
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Fig.  4  -  The  AT400  lightweight  mobile  crane 
weighing  less  than  18  tonnes  with  a  maximum 
speed  of  90  kph  (50  mph) 


Mobile  crane  ATBbS 


0 


Fig,  6  -  AT1400  -  the  largest  mobile 
crane,  having  a  lifting  capacity  of 
1?5  tonnes 


Fig,  7  ~  The  ATllOO  mobile  crane  -  100  tonne  lifting 
capacity  available  on  either  a  4  or  5  axle  chassis 


Figures  4-7  Courtesy  of  Grove  Coles  Ltd.,  UK 
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Fig.  10  -  Dent  resistance  measurements  of  DOMEX  640XP 
(yield  strength  655  N/mm^  )  and  DOMEX  350XP  (yield 
strength  380  N/mm^  )  in  3  and  5mm  thickness 


Fig.  11  -  Hydraulic  roof  support  system  (Courtesy  of  Dowty 
Mining  Equipment  Ltd.,  UK) 
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.  12  -  Impeller  (3000mm  dia.)  fabricated  using  high  strength 
roalloyed  steel  (Courtesy  of  James  Howden  &  Company,  UK) 


Fig.  13  -  Mining  loader,  lift 
arms  fabricated  from  V-B 
OT  steel  (Courtesy  of  Swedish 
Steel  Ltd.,  UK) 
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APPLICATION  OF  HSLA  STEELS 
FOR  CONSTRUCTION  OF 
RAILROAD  TANK  CARS 


D.  H.  Stone,  W.  S.  Pellini* 

Association  of  American  Railroads 
Chicago,  Illinois,  USA 


Ab  street 

This  paper  explains  the  evolution  of 
modern  weldable  steels  of  primary 
interest  to  tank  cars.  The  basis  for 
initial  selection  of  candidate  steels 
for  welding  tests  and  mechanical 
properties  characterization,  is 
described  in  terms  of  weldability  and 
fracture  analysis  factors. 

Simplified  explanations  of  welding 
metallurgy  and  weldability  principles 
are  presented  -•  in  the  interest  of 
readers  who  are  not  familiar  with  these 
specialized  aspects  of  modern  weldable 
steels . 

The  engineering  factors  that  will  be 
examined  are  the  AAR  Tank  Car  Committee 
for  selection  of  the  new  tank  car 
steels  are  defined,  including  the  role 
of  design  considerations. 

The  report  consolidates  various  papers 
that  were  evolved  for  planning  purposes 
by  the  Steel  Task  Force  of  the  AAR  Tank 
Car  Safety  and  Test  Project. 

An  important  feature  of  this  comprehen¬ 
sive  report  is  th«  documentation  of  the 
complete  use  of  modern  technological 
practices  for  the  selection  of  new 
steels  for  tank  cars.  As  such,  it 
should  satisfy  the  common  interest  of 
users,  fabricators,  and  regulatory 
agencies  for  tank  cars. 

THE  CONTINUED  EVOLUTION  of  improved 
weldable  steels  during  the  period  of 
1950  to  1985  was  determined  by  a 
combination  of  metallurgical  research 
and  weldability  experience  defined  the 
objectives  for  the  next  step  of 
'Deceased 


improvement.  Metallurgical  research 
which  normally  advances  on  a  broad 
front,  could  then  be  focused  to 
questions  of  welding  metallurgy. 

During  the  period  of  1950  to  1979, 
the  primary  development 
cycles  involved  the  C-Mn  alloy 
system.  By  1979  metallurgical 
research  evolved  the  radically  new 
Cb(Nb)  microalloy  system.  The 
weldability  advantages  of  micro- 
alloyed  steels  resulted  in  rapid  use 
for  welded  structures. 

By  1975  it  became  evident  that 
the  microalloyed  steels  were  Ideal 
for  controlled  rolling.  Controlled 
rolling  had  been  applied  to  C-Mn 
steels,  with  modest  results  as 
compared  to  normalizing  heat  treat¬ 
ment.  The  microalloyed  steels  could 
be  controlled  rolled  to  develop  low 
temperature  fracture  properties 
equivalent  to  or  better  chan  obtained 
by  normalizing  This  finding 
stimulated  the  installation  of  large 
rolling  mills  that  could  mass  produce 
steels  of  superior  weldability  and 
fracture  properties.  The  subject  of 
controlled  rolled  microalloyed  steels 
is  described  in  an  AAR  report.  Refer¬ 
ence  (  1  )  . 

The  metallurgical  literature 
defines  steels  in  generic  terms  that 
describe  the  allow  system,  composi¬ 
tion.  processing,  heat  treatment, 
ro  i  c ro s t rue  Cure  and  mechanical 
properties.  The  usual  engineering 
reference  for  steels  is  the  American 
Society  for  Testing  and  Materials 
(ASTM)  specification  system  for 
s tandard  -  grade  steels.  The  engineer¬ 
ing  selection  and  procurement  of 
steels  is  made  in  terms  of  a  numeri¬ 
cal  designation,  for  example  ASTM  A- 


411 


i 


516  Grade  70. 

This  paper  is  concerned  with  the 
evolution  and  applications  of 
standard  grade  steels.  Therefore, 
extensive  use  is  made  of  the  standard 
grade  designation  system.  Reader 
assistance  is  provided  by  Table  1 
which  describes  the  compositions  and 
tensile  properties,  for  the  standard 
grades  that  are  discussed  in  this 
paper. 

Weldability  factors  are  not 
cited  in  the  ASTM  specifications. 

This  aspect  is  expected  to  be 
considered  by  the  design  and  fabrica¬ 
tion  industry.  In  past  practice  it 
was  assumed  that  welding  factors 
would  be  properly  considered  by  the 
welding  engineers  responsible  for 
fabrication.  Modern  design  proce¬ 
dures  require  consideration  of 
weldability  during  the  design  phase. 
Therefore,  the  design  field  must 
develop  a  reasonable  understanding  of 
weldability  factors.  The  mixture  of 
old  and  new  steels  in  the  ASTM 
specifications  permits  selection  of 
steels  that  feature  adequate  welda¬ 
bility  for  the  requirements  of 
specific  structures.  The  designer 
should  select  the  best  steel  for  the 
structure  of  interest. 

Adequate  weldability  implies 
that  the  structure  can  be  fabricated 
with  a  high  degree  of  assurance  that 
cracks  are  not  developed  in  heat 
affected  zone  regions  (HAZ)  of  welds. 
The  cracks  may  escape  detection, 
particularly  if  located  in  regions  of 
complex  weld  connections. 

The  evolution  of  weldable  steels 
has  been  focused  in  major  part  on  the 
development  of  new  steels  of  decreas¬ 
ed  sensitivity  to  fabrication 
cracking.  The  cracks  are  typically 
located  in  the  hea t - a f f ec t ed - zone 
(HAZ)  of  small  welds.  the  superior 
weldability  of  modern  steels  mini¬ 
mizes  requirements  for  exact  control 
of  welding  procedures.  Therefore, 
crack-free  structures  can  be  produced 
with  a  high  degree  of  assurance. 

Weldability  research,  coupled 
with  improved  understanding  of 
welding  metallurgy,  has  resulted  in 
simplified  methods  for  calculation  of 
weldability  parameters.  These 
"weldability  rating"  numbers  are 
calculated  from  the  chemical  composi¬ 
tion  of  the  steel.  The  %C  is  the 
primary  factor  in  the  calculations. 
The  following  weldability  parameters 
are  used  extensively  in  the  interna¬ 
tional  steel  literature. 


Carbon  Eoulvalgnt  iCE%/ 

ttn  r  ii.  •  ir  •  Hi 


Paramerar  of  CfacVinE  S  e  n  5  1 1  rv  ?  t  y  tor  base 


PCM%  -  C  a  51a 
10 


LL  *  Sx 


Ni 


The  %  of  the  alloys,  divided  by  the 
cited  factors,  are  added  to  the  %  C 
to  define  added  effects  of  the  alloys 
in  enhancing  the  primary  effect  of  %C 
on  HAZ  cracking  susceptibility. 

The  CE  %  parameter  is  used  in 
combination  with  the  %  C  (%  C  -  CE%) 
to  fully  define  the  HAZ  hardness  that 
is  developed  for  the  case  of  small 
welds.  Small  welds  are  the  primary 
sites  of  HAZ  cracking.  Decreasing 
the  HAZ  hardness,  by  decreasing  the 
%C-CE%  of  the  steel,  decreases  the 
sensitivity  to  HAZ  cracking. 

Therefore,  the  significance  of  this 
parameter  is  most  easily  understood. 

The  parameter  was  developed 

by  empirical  correlation  with  the 
results  of  weldability  tests  for  HAZ 
cracking.  It  is  a  t e s t - e xp e r i e nc e 
in  fabrication.  Decreasing  PcM* 
values  correlate  with  decreased 
experience  of  HAZ  cracking  for 
particular  types  of  structures  and 
weld  connections.  Lower  values  of 

are  required  to  provide 
assurance  of  crack-free  structures 
for  complex  structures,  as  compared 
to  structures  of  simple  configura¬ 
tion. 

This  paper  describes  the  Pcm* 
values  that  are  relatable  to  the 
simple  configuration  of  tank  car 
structures.  The  Pc^*  values  for 
steels  in  present  service,  which  have 
experienced  HAZ  cracking  --  are 
compared  to  the  Pc(^%  values  of  the 
new  steels  which  indicate  sensitivity 
to  HAZ  cracking. 

The  table  1  listing  of  presently 
used  tank  car  steels  and  new  steels 
that  are  considered  in  the  AAR 
project  for  future  use  --  includes 
the  CE%  and  PcM*  parameters  for  the 
steels.  This  is  the  important 
weldability  description  of  the  steel 
which  is  not  provided  by  the  ASTM 
standard  grade  specifications.  The 
modern  prac:ice  in  the  international 
steel  literature  includes  citing  CE% 
and  PcM*  parameters.  The  specifica¬ 
tion  user  should  routinely  calculate 
the  CE%  and  PqM*  parameter  values  for 
any  standard  grade  steel  that  is 
considered  for  welding  fabrication. 

By  understanding  the  signifi¬ 
cance  of  the  CE%  and  P^m*  parameters, 
it  is  possible  to  estimate  the 
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TABU  1 

STBKI.*^  CITED  IN  REPORT 
%  Max.  Ladle  fc  Product  Analysis 


Tensile  (Min ■ ' 
ksi(Mra) 


C 

Mn 

Si 

Ni 

A-515(L) 

.31 

1.20 

.40 

- 

(P) 

.31 

1.30 

.45 

A-516(L) 

.28 

1.20 

.40 

- 

(P) 

.28 

1.30 

.45 

TC-128B(I.) 

.25 

1.35 

.40 

.25 

A-612(P) 

.29 

1.46 

.50 

*A-6  3.in  (LI 

.20 

1.35 

.50 

.25 

PVQ  (P) 

.24 

1.46 

.56 

•• 

*A-737B  (L) 

.18 

1.60 

.50 

- 

l£JW  C  (P) 

.22 

1.72 

.55 

*A-8n8  ((,)  S* 

.12 

1  .65 

.50 

- 

PVQ  ( 1> ) 

.15 

1.77 

.56 

,11.. 

Mii 

.Si 

JU  _ 

Mill  A  (CH) 

.12 

1  .  31 

.  37 

.19 

Mill  A  (OK) 

.11 

1.33 

.38 

.28 

Mill  B  (  UX) 

.08 

1.43 

.28 

- 

Ml  11  B  (  K'PI 

.08 

1  .46 

.25 

.20 

(j  I'Tt 

■Is 

S*  A-l 

TAOIJ--  ] 

in*  1  nil'll  1 

rm'  IN  1 

WHfiiAlU  1,117 

fiN  ■ 

PYPIfAT,  1 

iM 

A-' I'l 

.2fi 

.A2 

.  12 

A  M  #5 

.X-M 

.4‘'j 

.  11 

If  1 /HW 

.S7 

.  16 

A  f.  { 

.?() 

.Si 

.  10 

A  7 nifi  i 

.18 

.Ah 

.27 

A  HOH 

.u 

.A2 

.21 

A-808  PIV\TE 

WlJi>AIUl.n7  R(-3-WFUT, 

BASEp  j 

PIATE  aWOfilTION 

%(■ 

CK\ 

Mill  A  (d-O 

.42 

.22 

Ml  1 1  A  (CH) 

.11 

.42 

.20 

M.  1  1  B  f  If'R) 

.08 

.  17 

.16 

Ml  1 1  B  {  K'H) 

.Of) 

.18 

.IS 

25  .25  .08 

25  .25  .08 


A-808  Plate  Sanples 


V 

Cb 

y  .s. 

T.S. 

- 

- 

38(260) 

70(485) 

- 

- 

38(260) 

70(485) 

.08 

50(345) 

81(560) 

.06 

- 

.05 

_ 

50(345) 

70(485) 

.06 

- 

_ 

.05 

50(345) 

70(485) 

- 

.05 

.10 

.10 

50( 345) 

70(485) 

.11 

.10 

~  V _ 

Cb 

S  Y.S. 

_ 

.026 

.027 

.01  3  6  3(  4  34  ) 

79(54-)) 

.028 

.026 

.01  3  63(434  ) 

78(538) 

- 

.030 

.003  57(393) 

69(476) 

.039 

.044 

.003  70(482) 

79(545) 

S*  A-808  restr  ictiti  S=  O.OlO*  (Max.) 


weldability  of  a  steel  within  close 
limits.  The  international  steel 
literature  routinely  cites  these 
parameters,  with  the  expectation  that 
serious  readers  have  developed  this 
degree  of  proficiency. 

The  AAR  Tank  Car  Steel  Project 
was  developed  by  weldability  and 
fracture  analyses  of: 

(1)  Old  tank  car  steels. 

(2)  Presently  used  tank  car 
steels 

(3)  New  steels  which  would  be 
selected  for  future  use. 

This  method  of  analysis  provides 
a  numerical  basis  for  comparison  of 
the  past  fabrication  and  service 
experience  for  tank  cars  with  the 
expected  improvements  for  the  new 
steels . 

The  weldability  analysis  graphs 
that  has  been  developed  for  this 
purpose,  provide  a  chronological 
description  of  the  improvements  in 
weldability  ft"'  standard  grade 
steels,  Ihe  analyses  cover  the 
period  of  1950  to  1955.  The  major 
steps  Int  he  evolution  of  weldable 
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steels  are  cited  in  the  reference 
graphs . 

GENERAL  DESCRIPTION  OF  THE  AAR 

PROJECT  FOR  SELECTION  OF  NEW 
TANK  CAR  STEELS 

During  Che  past  fifteen  years 
the  Association  of  American  Railroads 
(AAR),  in  cooperation  with  the  tank 
car  industry  (RPI),  has  conducted 
extensive  studies  for  improvement  of 
tank  cars.  Tank  cars  never  fail  in 
normal  service.  Failures  by  ductile 
tearing  or  brittle  fracture  have  been 
experienced  only  for  the  case  of 
severe  accidents,  such  as  derailment. 

A  review  of  brittle  fracture 
experience,  reference  (2),  for  the 
sixteen  year  period  of  1956  Co  1980 
indicates  a  very  low  incident  rate. 
Only  19  cases  of  extensive  brittle 
fracture  were  recorded  for  pressure 
cars  involved  in  accidents.  Of  the 
1345  pressure  cars  that  were  impacted 
in  accidents,  brittle  fracture 
resulted  for  only  0.6%  of  the  impact 
points.  This  is  remarkable  perfor¬ 
mance  record,  considering  that  the 
tank  cars  were  constructed  using  as- 
rolled  C-Mn  steels  that  were  fracture 
sensitive  at  service  temperatures. 

The  role  of  weldability  for  the 
cited  19  cases  of  brittle  fracture 
was  analyzed  in  reference  (2). 
Fracture  initiation  of  3  of  the  19 
cases  resulted  from  the  presence  of 
HAZ  fabrication  cracks  or  hard  HAZ 
due  to  inadequate  post  weld  heat 
treatment  (PWHT)  after  modification 
or  repair  welding.  It  should  be 
recognized  that,  unlike  stationary 
pressure  vessels,  tank  car  vessels 
are  subjected  to  deformation  loading 
in  cases  of  accidents.  Therefore, 
elimination  of  hard  HAZ  regions  is  a 
special  requirement  for  tank  cars. 

In  1983  a  complete  head  fracture 
was  experienced  for  pressure  tank  car 
during  humping  operations  in  the 
Canadian  National  Railroad,  Toronto 
yard.  The  tank  car  was  fabricated  in 
198u  using  TC-128B  steel.  Failure 
analysis,  reference  (3),  defined  the 
fracture  initiation  crack-source  as 
illustrated  in  Figure  1.  The 
fabrication  crack  was  developed  at 
the  toe  of  a  small  fillet  weld,  which 
was  the  last  pass  for  the  weld 
connection  tot  he  head.  The  hardness 
of  the  (HAZ)  was  equivalent  to  the 
maximum  hardness  that  could  be 
developed  for  the  0.25%  C  composition 
o  f  the  steel  . 

This  case  is  of  special  Interest 
because  it  was  documented  that  proper 


I  tfcfstrriptKKj  *jt  (>.  (  in.  (  7.6iiun  )  !*■«•{-  Wi'UJ  'ft*-  C/ti.  k 
Itiit  latui  lik?  KiiUfiiT*'.  Cnftib  btktuJi  Vit-v. 


welding  procedures,  including 
preheat,  had  been  used  for  the  weld. 
The  basic  problem  was  identified  as 
the  high  %C-CE%  of  the  steel  which 
resulted  in  high  HAZ  hardness  for  the 
case  of  small  welds. 

While  this  case  was  isolated 
incident,  it  has  resulted  in  placing 
regulatory  demands  for  increased 
inspection  for  crack  detection. 

These  demands  include  possible 
requirements  for  certification  of 
crack-free  condition  for  specific 
types  of  tank  cars. 

Inspection  to  ensure  the  total 
absence  of  small  fabrication  cracks 
is  not  technologically  feasible.  If 
attempted,  it  would  be  very  expen¬ 
sive.  Moreover,  such  inspection  does 
not  provide  protection  against  the 
development  of  HAZ  cracks  due  to 
acc  dent  impact  --  if  hard  HAZ 
regions  are  present.  There  is  no 
practical  way  to  guarantee  the  total 
absence  of  hard  HAZ  regions,  for  the 
case  of  field  modifications  or 
repairs.  It  is  not  possible  to  make 
significant  hardness  tests  for  the 
small  HAZ  regions. 

This  partial  description  of  the 
certification  problem  indicates  the 
importance  of  selecting  new  steels 
that  inherently  result  in  low 
hardness  (ductile)  HAZ  for  small 
welds.  Crack-free  structures  can  be 
certified  by  the  weldability  of  the 
steel.  The  degree  of  inspection  that 
is  required  can  be  minimized  with 
considerable  econom  c  benefit.  These 
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objectives  are  essential  aspects  of 
weldability  ratings  for  the  steels. 

The  rationale  for  selecting 
specific  candidate  standard  grade 
steels  was  discussed  with  the 
principal  plate  metallurgists  of  the 
U.S.  Steel,  Luke ns ,  Bethlehem,  Stelco 
and  Algoma  Steel  Companies.  The 
steel  representatives  contributed 
important  information  to  the  AAR 
Pro j  ec  t  . 

It  was  not  realistic  to  order 
special  heats  for  the  purpose  of  the 
Project  because  of  excessive  cost. 
Moreover,  it  was  desirable  to  use 
steel  samples  from  normal  production 
sources.  The  steel  companies  which 
normally  produce  tank  car  steels, 
agreed  to  furnish  plate  samples  for 
the  new  steel. s  at  no  cost  to  the 
Project.  The  test  plates  are  taken 
from  current  production  of  the 
steels.  The  U.S. Steel.  Algoma, 

Stelco,  Lukens,  Bethlehem  and 
Kawasaki  Steel  Companies  are  con¬ 
tributing  specific  steels,  depending 
on  their  production  schedules.  Each 
of  the  steel  companies  has  agreed  to 
provide  the  m ic r oa 1 1 oy e d ,  controlled- 
rolled  A-808  steel.  The  Project 
steels  are  listed  in  Table  1. 

Analytical  comparison  implies 
numerical  comparison  of  weldability 
factors  and  fracture  properties 
expressed  in  fracture  mechanics 
terms.  Failure  analyses  for  the  old 
and  presently  used  steels  can  be 
related  exactly  to  weldability 
factors  and  fracture  properties.  The 
improved  weldability  and  fracture 
properties  of  the  new  steels  can  be 
translated  analytically  to  define  the 
degree  of  assurance  for  prevention  of 
service  failures  in  the  future. 

EVOLUTION  OF  WELDABLE  STEELS  AND 
APPLICATIONS  TO  TANK  CARS 

WELDABILITY  FACTORS  -  Tank  car  steels 
are  selected  from  standard  grade 
steels.  The  description  of  specific 
steel  grades  that  have  been  used  for 
tank  cars,  or  may  be  used  is  the 
future,  serves  as  a  reference  to  the 
evolution  of  weldable  steels.  Table 
1  presents  the  chemical  compositions 
and  tensile  properties  for  the 
standard  grade  steels  discussed  in 
this  report , 

The  Table  1  listing  of  Project 
steels  includes  the  A-808  microal- 
loyed  steel  of  Cb(Nb)+V  type  which  is 
controlled  rolled  to  CR  practice. 
Figure  2  describes  the  rolling 
temperatures  for  conventional  as- 
rolled  steels,  controlled  rolled  CR 
steels,  and  intensively  controlled 
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rolled  (ICR)  steels.  If  accelerated 
cooling  (AC)  is  used  for  ICR  steels, 
the  designation  is  ICR-tAC. 

The  A-808  specification  may  be 
satisfied  by  CR  or  ICR  controlled 
rolling.  The  U.S. A.  and  Canadian 
sources  for  the  A-808  Project  steel 
samples  (five  steel  companies)  use 
the  Figure  2  defined  CR  practice.  If 
a  probable  Japanese  source  (Kawasaki 
Steel  Co.)  for  the  A-808  steel  is 
included,  it  is  expected  to  be 
produced  to  the  Figure  2  defined  ICR 
practice.  The  project  does  not 
include  ICR+AC  steels  because  there 
is  presently  no  ASTM  grade  for  this 
type  . 

The  following  discussions 
describe  the  hardness  level  in  the 
relative  terms  of  high  or  low.  This 
simplified  description  is  more  easily 
understood,  as  compared  to  citing 
specific  hardness  numbers. 

The  %C-%CE  is  based  on  the 
estimated  typical  composition,  not  on 
the  maximum  permissible  cited  in  the 
specification.  For  the  purposes  of 
this  report,  it  is  not  realistic  to 
reference  the  almost-never  produced 
maximum  composition.  After  the 
reader  becomes  familiar  with  the 
significance  of  the  %CE-CE%  para¬ 
meter,  he  may  routinely  use  the 
reference  to  specification  limits  -- 
with  the  realization  that  the  %C-CE% 
will  be  indicated  for  the  high  side 
of  production  range. 

Figure  3  describes  the  evolution 
of  weldable  steels  in  terms  of  the 
typical  %C-CE%  combination  for 
specific  standard  grade  steels. 

Figure  4  defines  the  decrease  in  HAZ 
hardness  level  for  Project  steels 
with  decreased  %C.  The  effect  of 
high  CE%  is  to  increase  the  HAZ 
hardness  to  the  limit  defined  by  the 
band  for  maximum  attainable  hardness. 
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Low  CE%  reduces  the  hardness  Co  a 
level  that  is  below  but  near  the 
maximum  hardness  band. 

As  a  first  approximation,  Figure 
3  may  be  interpreted  to  represent  a 
rapid  decrease  in  the  HAZ  hardness 
for  small  welds,  with  decreased 
carbon  content.  Therefore,  the  %C 
scale  of  Figure  3  serves  as  the 
primary  reference  for  hardness  level. 
For  the  same  %C  content,  the  CE% 
scale  indicates  that  higher  hardness 
will  be  developed  if  the  CE%  is  high. 

Figure  3  is  interpreted  to 
signify  that  the  evolution  of  the 
steels  involved ; 

(1)  A  desirable  first  step 
(1960)  for  reducing  the  HAZ 
hardness  level  by  decreasing 
the  %C. 

(2)  An  undesirable  second  step 
(1965)  with  respect  to 
weldability  by  increasing 
the  alloy  content  which 
resulted  in  increased  CE% 
for  the  TC-128B  steel.  The 
alloy  additions  were  made 
for  the  purpose  of  improving 
the  fracture  properties. 

(3)  All  following  steps  (1970, 


1975,  1980,  1983)  were  aimed 

at  reducing  the  %C  and  the 
CE% .  This  had  the  intended 
effect  of  continuously 
improving  the  weldability  by 
continuous  reduction  of  the 
hardness  level  for  the  HAZ 
of  small  welds. 

The  Figure  3  weldability 
analysis  interpretations  presented  on 
the  side  of  the  figure,  explain  Che 
practical  significance  of  the  197*^  to 
1983  reductions  in  the  %C-CE% 
comb inaC ion . 

By  following  this  sequence  of 
steel  evolution,  the  reader  can 
develop  a  significant  understanding 
for  Che  meaning  of  a  cited  %C-CE% 
combination.  For  example,  it  is 
desirable  to  decrease  the  %C  as  much 
as  possible  and  aim  for  CE%  values 
Chat  are  in  the  range  of  0.45  to 
0.40%. 

It  is  noted  that  the  1970  step 
marked  the  end  of  Che  improvement  for 
C-Mn  steels.  The  desired  minimum 
levels  of  tensile  properties  could 
not  be  retained  by  decrease  of  Che 
typical  carbon  content  significantly 
below  0.20%C.  The  first  microalloyed 
steels  (1975)  which  are  used  in 
normalized  condition,  provided  a 
decreased  typical  carbon  content  to 
0.18%C,  with  retention  of  tensile 
properties  . 

Controlled  rolling  permits  the 
largest  reduction  of  typical  carbon 
content  to  the  0.12  to  0.10%C  level, 
with  retention  of  tensile  properties. 
This  is  a  special  feature  of  the  CR 
and  ICR  controlled  rolled  steels. 

The  Figure  3  weldability 
analysis  interpretations  are  based  on 
the  fact  that  tank  car  structures 
feature  relatively  low  levels  of  weld 
restraint  stresses.  Therefore,  HAZ 
cracking  is  expacted  only  for  high 
combinations  of  %C-CE%.  The  present¬ 
ly  used  A-516(:0),  A-515(70),  and  TC- 
128B  steels  have  developed  such 
cracking  for  small  welds.  The 
incidence  rate  is  low. 

The  A-633D  and  A-737  Project 
steels  are  indicated  to  preclude  HAZ 
cracking  becase  of  the  decreased  %C- 
CE» .  However,  the  HAZ  hardness  is 
considered  sufficiently  high  to 
result  in  HAZ  cracking  if  subjected 
to  accident  impact.  Therefore,  post 
weld  heat  treatment  (PWHT)  is 
necessary  to  develop  softer  (ductile) 
HAZ  for  small  welds. 

The  A-808  steel  (CR)  features  a 
%C  level  that  can  only  result  in  soft 
(ductile)  HAZ  for  small  welds.  This 
steel  is  indicated  to  preclude  HAZ 
cracking  in  fabrication  and  accident 
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impact.  It  does  not  require  PWHT  for 
the  purpose  of  softening  the  HAZ . 

Figure  5  presents  the  Figure  3 
plot  with  the  added  feature  of  the 
P(-;ii(%  factor.  This  HAZ  crack  sensi¬ 
tivity  parameter  indicates  that  the 
steel  should  feature  significantly 
less  than  Pch-0-30%  for  the  purpose 
of  precluding  HAZ  cracking  for  tank 
car  structures. 

The  Figure  3  and  5  plots  clearly 
indicate  that  the  advances  in  steel 
technology  since  1965  have  resulted 
in  reducing  the  %C-CE%  and  the  PcM* 
parameters.  These  advances  have  been 
made  to  the  point  of  "saturation 
because  additional  benefits  related 
to  weldability  are  not  expected  for 
the  case  of  the  simple  structure 
features  of  tank  car  vessels. 

Complex  structures  such  as  offshore 
platforms  may  benefit  from  the  lowest 
attainable  %C-CE%  and  Pch* 
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values.  Limits  must  be  placed  on  the 
plate  thickness  in  order  to  retain  a 
practical  "spread."  It  is  "spread" 
of  tensile  strength  properties  that 
limits  the  lowest  %C  which  can  be 
used  in  the  interest  of  improving 
we Idab i 1 i ty . 

FRACTURE  PROPERTIES  FACTORS  -  The 
evolution  of  weldable  steels  that  is 
described  in  Figure  3  is  used  as  a 
reference  for  fracture  properties. 

The  1965  development  of  TC-128B  (A- 
612  type)  steel  provided  a  signif¬ 
icant  improvement  in  low  temperature 
fracture  properties  as  compared  to 
the  A-516(70)  normalized  steel.  This 
was  due  to  the  Ni,  Cr,  Mo  alloy 
additions.  The  following  develop¬ 
ments  of  new  steels  featured  fracture 
properties  equivalent  to  or  better 
than  the  normalized  TC-128B  steel. 

The  AAR  project  is  intended  to 
develop  comparative  data. 

Because  of  its  novel  features, 
the  A-808  steel  has  been  examined  in 
terms  of  available  data.  Figure  6 
presents  an  analysis  based  on  Charpy 
V  (Cy)  properties.  The  band  for 
normalized  TC-128B  is  used  as  a 
reference.  The  A-808  specification 
for  steels  of  0 . 0  1  0% S ( max .  )  cites  the 
Cy  values  noted  in  Figure  6.  These 
values  indicate  confidence  by  the 
steel  industry  for  producing  A-808 
(CR)  steel  featuring  the  estimated 
band  properties. 

NOTE  ICE*  CumEfS  wsr  in  pul  shear 
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Retention  of  yield  and  tensile 
strength  properties  becomes  difficult 
as  the  %C  is  decreased.  The  strength 
factor  establishes  the  lowest 
attainable  %C  level.  Increasing  the 
%Mn  and  adding  the  Ni  and  Cu  permits 
attaining  0.06  to  0.08»C  levels  for 
CR  and  ICR  steels.  However,  the 
steel  mills  are  forced  to  produce  the 
steels  with  a  very  small  "spread" 
between  the  minimum  specified  tensile 
properties  and  the  actual  production 


The  df ta  for  Japanese  produced 
a-808  steels  rolled  by  ICR  practices 
is  also  presented  in  Figure  6.  These 
steels  feature  very  low  0.003%S.  It 
appears  that  the  combination  of  ICR 
plus  very  low  %S  as  results  in  a 
large  shift  for  the  Cy  curves  to 
lower  temperatures,  and  high  shelf 
values.  The  shifts  were  compared  on 
the  basis  of  the  transition  from  0% 
cleavage  fracture  (full  shear),  to 


100%  cleavage  which  indlcaCes  a 
completely  brittle  condition. 

UMMCST  SH£LL  TEMPWATUAC 
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The  Figure  6  Cy  data  have  been 
analyzed  in  terms  of  the  requirement 
for  precluding  the  development  of 
brittle  fracture  in  the  case  of  tank 
car  accidents.  The  lowest  an¬ 
ticipated  service  temperature  (LAST) 
for  the  shell  is  -  30° F ( - 34°C )  .  The 
brittle  fracture  rate  for  the  case  of 
old  and  presently  used  as-rolled 
steels  is  0.4%.  These  steels  feature 
Cy  15  ft. -lb.  (20J)  temperatures  in 
order  of  30°F  (•1°C).  It  was 
concluded,  reference  (2),  that  use  of 
normalized  TC-128B  steel  which  has  a 
15  ft.-lb.(20J)  maximum  temperature 
of  -50°F  (-46°)  would  reduce  brittle 
fracture  rates  to  0.1%.  This  low 
value  is  based  on  the  pessimistic 
assumption  that  the  accident  tempera¬ 
tures  were  close  to  the  -30°F  (-34°C) 
LAST  . 

Steels  which  feature  a  Cy  band 
that  is  significantly  better  than  the 
normalized  TC-128B  band,  are  expected 
to  reduce  the  brittle  fracture  rate 
to  zero.  Therefore,  the  estimated  Cy 
band  for  the  A-  808  (CR)  st  ;el  of 
0.010%S  (max.)  type  Implies  that 
brittle  fracture  is  not  possible  for 
all  service  temperatures  equal  to  or 
higher  than  - 30°F ( - 3 4°C )  .  The  very 
low  Cy  transition  curves  of  the 
0.003%  ICR  type  of  A-808  steel  are 
not  required  for  the  purpose  of 
fracture  prevention  at  lowest  service 
temperatures . 

Fracture  analysis  that  does  not 
require  comparison  with  service 
experience  may  be  made  analytically 
by  the  use  of  the  AAR  slide-graph 
procedure.  Figure  7  presents  a 
slide-graph  analysis  which  includes 
the  A-633D,  A-737L.C.  and  A-808  (CR- 


0.010%S)  steels.  The  NOT  band  for 
these  steels  is  estimated  to  be 
located  at  slightly  lower  tempera¬ 
tures  than  the  TC-128B  band.  The 
Project  data  should  define  the  exact 
location  of  this  band.  For  purpose 
of  preliminary  analysis  the  average 
NDT  temperature  is  conservatively 
estimated  as  - 60°F ( -  1 5 °C )  . 

The  slide-graph  analysis 
indicates  that  at  the  -30°F)  (-34°C) 

LAST  it  is  necessary  to  develop  near¬ 
yield-stress  impact  loading  at  sites 
of  large  cracks  -  -  in  order  to 
develop  a  brittle  fracture.  At 
higher  temperatures  the  steels  are 
f rac ture - saf e .  Figure  6  cites  chat 
large  fatigue  cracks  must  be  present 
for  fracture  at  - 30°F ( - 34°C )  . 
Fabrication  cracks  are  not  expected 
for  the  new  steels,  because  of  their 
superior  weldability  properties. 

There  is  a  v  low  probability 
that  the  crack  s'  ^  loadl  .- 

conditions  are  d  '■  lopt  -t  n'  LAST 

temperatures.  lid  grap.. 

analysis  indica.  near-zero  prob¬ 

ability  for  the  .;ve  lopment  of 
brittle  fracture  for  the  new  steels. 

The  very  low  NDT  temperatures 
that  are  claimed  for  the  A-808  type 
ICR(0.003%S)  steels  are  not  required 
for  Che  purpose  of  preventing  brittle 
fracture  at  near-LAST  temperatures. 
The  range  of  NDT  temperatures  of  A- 
808(CR)  steel  is  expected  to  satisfy 
fracture  prevention  requirements. 
Therefore,  decreasing  the  NDT 
temperature  by  ICR  controlled  rolling 
of  this  steel  does  not  provide 
additional  benefits. 

CONCLUSIONS 

The  development  of  new  types  of 
weldable  steel  since  1970  provides 
three  primary  opt. ions  for  the 
selection  of  improved  tank  car 
steels.  These  options  are  defined  by 
the  following  listing  of  astm 
standard  grade  steels.  All  of  these 
steels  are  specified  to  the  minimum 
tensile  properties  of  50  ksi  (345 
MPa)  yield  strength  and  70  ksi  (485 
MPa)  tensile  strength. 

(1)  A  -  6  3  3D  --  This  steel  is  a  lower 
%C  version  of  the  presently  used  A- 
612  (TC-128B)  steel  of  C-Mn  plus  Ni- 
Cr-Mo-V  alloy  type.  It  is  produced 
as  a  normalized  steels. 

(2)  A-737B(LC. )  --  This  steel  is 
representative  of  the  first  genera¬ 
tion  Cb(Nb)  microalloyed  steels.  It 
is  produced  as  a  normalized  steel 
because  equivalent  properties  cannot 
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be  developed  by  controlled  rolling. 

(3)  A- 808  --  This  steel  is  represen¬ 
tative  of  the  second  generation 
(Cb(Nb)  plus  V  microalloyed ,  con¬ 
trolled  rolled  steels.  While  not 
specifically  stated,  the  ASTM 
specification  is  intended  to  repre¬ 
sent  controlled  rolled  steels.  This 
steel  may  be  produced  by  CR  or  ICR 
rolling  practices.  For  low  tempera¬ 
ture  service  the  steel  should  be 
produced  to  the  specification  of 
0 . 010%S  (max . ) . 

These  primary  options  were 
defined  by  preliminary  weldability 
analysis  and  fracture  analysis.  The 
weldability  analyses  were  made  by 
reference  to  the  parameters  %C-CE% 
and  PcM*  parameters.  A  generalized 
interpretation  of  the  weldability 
significance  of  specific  parameter 
values  is  provided  in  this  paper  for 
readers  who  are  not  expert  in  the 
subject  of  weldability  ratings. 

The  fracture  analyses  were  made 
on  the  basis  of  design  objectives  for 
assured  prevention  of  brittle 
fracture  in  cases  of  accident,  at  the 
LAST  of  -30°F(-34°C) .  The  fracture 
properties  of  the  three  steel  options 
that  were  first  selected  by  weld¬ 
ability  analysis,  were  estimated  from 
available  data. 

Sample  plates  of  the  three  new 
steel  options  and  the  presently  used 
TC-128B  (A-612  type)  steel,  have  been 
procured  for  the  purpose  of  welda¬ 
bility  testing  and  mechanical 
properties  determinations.  These 
steels  are  cited  as  the  AAR  Project 
steels.  The  test  program  includes 
mechanical  properties  tests,  welda¬ 
bility  tests,  and  qualification  type 
welding  tests.  Therefore,  complete 
data  documentation  will  be  available 
for  comparison  of  presently  used  and 
new  steels. 

There  is  a  high  degree  of 
confidence  that  the  Project  data  will 
confirm  the  general  predictions  of 
the  preliminary  weldability  analyses 
and  fracture  analyses  presented  in 
this  paper . 

The  purpose  of  the  Project  tests 
is  to  generate  specific  data  required 
for  final  selection  of  the  best 
option(s)  for  future  use  as  AAR 
certified  tank  car  steels.  The  final 
selection(s)  will  be  made  by  the 
Steel  Task  Force  of  the  AAR  Tank  Car 
Commi ttee . 

The  general  conclusions  which 
can  be  made  at  this  time  were  evolved 
entirely  by  preliminary  weldability 


analysis  and  fracture  analysis.  As 
such,  the  conclusions  are  intended  to 
indicate  the  probable  bases  for  final 
selection  by  the  Tank  Car  Committee. 

The  general  conclusions  are: 

(1)  The  new  standard  grade  steels 
that  have  been  developed  since  1970 
are  expected  to  satisfy  near-term  and 
long-term  requirements  for  improved 
tank  car  steels. 

(2)  The  normalized  C-Mn  type  A-633D 
steel  and  the  normalized  microalloyed 
A-737B(L.C.)  steels  are  expected  to 
satisfy  near-term  requirements. 

These  steels  require  pos t - we  Id - hea t 
treatment  (PWHT)  for  this  purpose. 

(3)  The  controlled  rolled,  microal¬ 
loyed  A-808(CR)  steel  of 

0 . 010%S (max . )  type  is  expected  to 
satisfy  long-term  requirements.  This 
steel  does  not  require  PWHT,  because 
ductile  (soft)  HAZ  are  developed  as- 
welded.  This  is  a  distinct  advantage 
for  the  case  of  modifications  and 
field-welded  repairs. 

A  major  reason  for  preference  of 
the  microalloyed  A-808  CR  steel  is 
the  fact  that  cont r o 1 le d - r o 1 led 
steels  are  expected  to  replace 
normalized  steels,  as  the  primary 
source  of  plate  products.  The  direct 
processing  of  CR  steels  eliminates 
the  need  for  normalizing  heat 
treatment,  which  is  a  more  expensive 
batch  operation.  Lower  cost  and 
better  availability  in  the  future  are 
important  factors  for  the  CR  steels. 

The  CR  steels  are  considered 
equivalent  to  the  ICR  steels,  with 
respect  to  satisfying  weldability  and 
fracture  properties  requirements. 
Therefore,  the  case  that  may  be  made 
for  use  of  ICR  steels  rests  entirely 
on  the  economic  factors  of  relative 
cost  and  relative  availability. 

These  are  steel  market  considerations 
that  are  subject  to  change.  The  tank 
car  fabrication  industry  normally 
considers  these  factors  in  procure¬ 
ment  of  tanx  car  steels. 

It  is  emphasized  that  the  AAR- 
RPI  Project  does  not  include  microal¬ 
loyed  steels  of  the  ICR  plus  SC 
(Accelerated  Cooling)  type,  described 
in  Figure  2.  also,  that  the  Second 
Phase  investigation  described  in 
Appendix  C  does  not  include  ICR+AC 
type  steels.  The  use  of  AC  practice 
by  the  Japanese  steel  companies 
results  in  partial  transformation  to 
bainitic  microstructures.  Therefore, 
the  AC  steels  represent  a  different 
and  complex  category  of  steel  which 
is  not  covered  by  ASTM 
specifications . 

The  reader  is  advised  that 
Japanere  ICR+AC  steels  may  be  of 
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interest  primarily  for  production  of 
thick  plates  featuring  relatively 
high  tensile  properties.  Since  the 
applications  for  tank  cars  are  for 
plates  of  less  than  1.0  in.  (25  mm) 
thickness,  the  ICR+AC  (bainitic) 
steels  are  not  of  interest  to  the 
Proj  ec  t . 
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ABSTRACT 

During  the  last  years,  conpetition  with 
concrete  as  well  as  the  pull  of  modem  steel 
construction,  resulted  at  ARBED  in  new 
advanced  techniques  for  the  cost-effective 
production  of  inproved  high  strength  low- 
alloy  steels  (HSLA) . 

In  cotiparison  to  steels  with  lower 
yield  point,  HSLA  steels  present  many  econo¬ 
mic  advantages  contributing  to  inprove  ccm- 
petition  of  structural  steelwork. 

Increasing  requirements  in  construction 
steelwork  ask  for  an  inpressive  scope  of 
mechanical  and  technological  properties: 
high  yield  point,  good  weldability  and 
excellent  toughness. 

In  this  paper  are  presented  steelma¬ 
king,  thermomechanical  rolling,  properties 
and  applications  of  the  following  2  ARBED 
steel  grades: 

-  Fe  E  460  -  Fritenar  (yield  point 

460  MPa  min. ) 

-  ASTM  A  572  Grade  50  -  Fritenar  (yield 
point  345  MPa  min.),  developed  for  Jumbo 
columns 

Concerning  the  applications  results  of 
tests  performed  at  different  universities 
are  high-lighted,  as  well  as  the  successful! 
use  of  Fe  E  460  -  Fritenar  in  buildings, 
park-houses  and  bridges. 

1 .  INTRODUCTION  -  During  the  last  years, 
competition  with  concrete,  as  well  as  the 
pull  of  modern  steel  construction,  resulted 
at  ARBED  in  new  advanced  techniques  for  the 
cost-effective  production  of  inproved  high 
^trength  ^low  alloy  (HSIA)  steel  products 

In  conparison  to  steels  with  lower 
yield  strength,  HSLA  steels  have  many  advan¬ 
tages  contributing  to  improve  the  conpetiti- 
vity  of  structural  steelwork: 

-  Higher  loads  and  or  lighter  structures 
are  possible 

-  Reduced  transport  and  handling  costs 

-  Reduced  machining  costs 

-  Lower  assenfcly  costs 

-  Reduced  nunber  of  steel  menbers 

-  Reduced  building  time 

Increasing  requirements  in  constructio¬ 
nal  steelwork  ask  for  an  inpressive  scope  of 
mechanical  amd  technological  properties  to 
be  offered  by  HSLA  steel  sections: 

-  High  yield  strength 

-  Good  resistance  to  brittle  fracture 

-  Excellent  weldability 

-  Unchanged  properties  after  stress-relie¬ 
ving 

-  Resistance  to  lamellar  tearing 

-  Good  internal  soundness 

The  requirements  for  the  characteris¬ 


tics  of  a  HSLA  steel  depend  on  its  applica¬ 
tion.  This  is  certainly  true  for  heavy  sec¬ 
tions,  which  are  currently  used  for  the 
following  applications: 

-  Bearing  piles  in  foundations 

-  Industrial  equipments 

-  Buildings 

-  Nuclear  power  plants 

-  Offshore  structures 

-  Arctic  applications 

The  present  pjapier  covers  steelmaking, 
thermcmechanical  rolling,  properties  and 
applications  for  the  following  2  ARBED-HSLA 
steel  grades: 

-  Fe  E  460  Fritenar  -  presenting  a  minimum 
yield  p»int  of  460  MPa  (67  ksi)  and  high 
toughness  properties  at  -20°C  (-4°F)  .  This 
steel  grade  which  is  equivalent  to  ASTM  A 
572  Grade  65  is  available  in  sections  with 
thic)cnesses  up  to  60  ntn  (2,4  in.) 

-  ASTM  A  572  Grade  50  Fritenar  -  developed 

especially  for  Jumbo  sections  to  be  used  as 
tension  members,  combines  a  minimum  yield 
peint  of  345  MPa  (50  ksi)  with  good  resis¬ 
tance  to  brittle  fracture  at  a  tempera¬ 
ture  <  0°C  (+32®F)  .  The  heaviest  section 

produced  in  grade  Fritenar  is  the  Jumbo  beam 
WF  14"xl6"x730  lbs  with  a  flange  thickness 
of  125  trm  (4,9  in.)  . 


2.  FABRICATION  ROUTE  FOR  SECTIONS  -  For  the 
fabrication  of  structural  steel  sections, 
ARBED  uses  the  following  fabrication  route: 


Blast  -  furnace 

'I' 

Oxygen  steelmaking  plant 

J. 

Ixidle  treatment 

i 

Vacuum  degassing 

Ingot  casting 
'1' 

Blooming  mill 
Rolling  mill 
Finishing  +  Inspection 


At  present  a  big  pert  of  world  steel 
production  is  product  in  continuous  cas¬ 
ting,  because  of  its  cost-effectiveness. 
This  is  certainly  true  for  wire-rod  and 
plates.  For  this  reason  ARBED  uses  this 
route  for  its  whole  wire  production.  Inves¬ 
tigations  carried  out  in  order  to  study  the 
pxsssibility  of  producing  eilso  sections  from 
continuously  cast  material  came  to  the 
result  that  ARBED  should  maintain  the  ingot 
casting  route  for  the  following  reasons: 
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-  By  remarkable  progress  made  in  its  steel¬ 

making  and  ingot  casting  technologies,  an 
economic  production  of  high  qucility  sec¬ 
tions,  meeting  the  most  severe  custcmer 

requirements  has  been  achieved. 

Excellent  user  properties  are  obtained, 
mainly  by  a  combination  of  high  deformation 
ratios,  typical  for  ingots,  and  application 
of  advanced  themotechanical  rolling  tech¬ 
niques  . 

Moreover,  ARBED  sections  produced  by 

the  ingot  casting  route  show  good  internal 
soundness  and  high  surface  quality  levels  in 
accordance  with  the  most  stringent  material 
specifications . 

-  By  ingot  casting  it  is  possible  to  pro¬ 

duce  sections  in  a  large  range  of  geometri¬ 
cal  dimensions,  specially  beams  with  depths 
up  to  1100  mtn  (43"),  flange  thicknesses  up 

to  125  irm  (5")  and  flange  widths  up  to 

450  ntn  (17,7")  . 

Thanks  to  the  high  deformation  ratio, 
this  high  quality  level  is  also  obtained 
with  extra-heavy  sections. 

-  Finally  ingot  casting  offers  a  high 
flexibility  in  producing  special  steel 
grades  in  small  cpjantities  with  short  deli¬ 
very  time. 

3 .  STEEIMAKING  -  In  former  times  increased 
carjxin  content  was  the  method  to  irrprove 
strength.  This  was  easy  and  cheap,  but  it 
resulted  in  considerable  deteriorations  in 
toughness  and  weldability.  Modern  structural 
HSLA  steels  however  are  characterized  by  a 
low  carbon  content  (<  0,20%),  where  the  loss 
of  strength  due  to  the  decreasing  carbon 
content  is  balanced  mainly  by  the  use  of 
microalloys  and  by  thenranechanical  rol¬ 
ling. 

In  addition  to  the  lowering  of  carbon 
content,  development  of  new  metallurgical 
techniques  was  necessary  to  obtain  an  inpro- 
vement  of  steel  cjuality  in  respect  to: 

-  Chemical  cortfxssition:  narrow  range  for 
the  different  elements 

-  Low  oxygen  and  inclusion  content 

-  Low  sulphur  content  and  shape  control  of 
the  sulphides 

-  Low  phosphorus  content 

-  Low  content  of  nitrogen  and  hydrogen 

-  Low  content  of  traitp  elements 

4.  ROLLING  PROCESS  -  Since  1970,  ARBED  has 
continuously  developed  the  therncmechcinical 
rolling  process  for  sections.  The  technology 
consists  in  applying  well  defined  deforma¬ 
tion  ratios  at  precisely  controlled  tenpera- 
tures  during  the  different  phases  of  the 
rolling  process  (fig.  1) .  During  this  treat¬ 
ment  the  flange-web  intersection  is  selecti¬ 
vely  cooled  (fig.  2)  in  order  to  decrease 
the  teitperature  in  the  core  areas  and  to 
equalize  the  tenperature  profile  over  the 
cross-section.  The  rolling  is  finished  at  a 
temperature  just  above  the  Ar3  point 


(austenite  — »  ferrite/pearlite) ,  what  is 
favourable  for  a  fine-grained  microstruc¬ 
ture.  The  thermcmechanical  rolling  process 
coupled  with  on-line  selective  cooling, 
nami^  TM-SC-process,  leads  to  improved  and 
more  homogeneous  mechanical  properties. 

To  Ibe  mentioned  that  the  advantages  of 
this  thermomechanical  rolling  ccnpared  to 
normalizing  are  important .  Thermomechanical 
rolling  is  more  cost-effective  and  asks  for 
a  lower  carbon  equivalent  for  a  given  level 
of  yield  strength.  A  reduced  carloon  ec[ui va¬ 
lent  leads  after  welding  to  a  lower  inder- 
bead  liardness  and  decreases  the  risk  of  cold 
cracking  in  the  heat  affected  zone. 


Fig.  1  -  Ctonparison  of  thermcmechanical  and 
normal  hot  rolling  (schematically) 


Temptroijre  profile  over  fioage  width 


1;  Normol  fhermornechonicfli  rolling 
2:  ThermomechohiCQl  rolling  plus 
selective  cooling 


Fig.  2  -  Principle  of  the  selective  cooling 
of  beams  during  rolling 
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5.  STEEL  GRADE  Fe  E  460  -  FRITENAR 
5.1.  Chenical  ccnposition  -  The  chemical 
cotposition  of  grade  Fe  E  460-Fritenar  is 
given  in  Table  1. 

Table  1  -  Chemical  ccnposition  (ladle)  of 
Fe  E  460-Fritenar 


Elements 

- 1 

1 

1 

1 

%  C 

<  =  0,20 

<  =  0,20 

<  =  0,20 

%  Si 

0,10-0,55 

0,10-0,55 

0,10-0,55 

%  m 

1,10-1,70 

1,10-1,70 

1,10-1,70 

%  P 

<  =  0,025 

<  =  0,025 

<  =  0,025 

%  s 

<  =  0,020 

<  =  0,020 

<  =  0,020 

%  Alsol 

>  =  0,020 

>  =  0,020 

>  =  0,020 

%  N 

<  =  0,010 

<  =  0,010 

<  =  0,010 

%  Nb 

0,02-0,06 

0,02-0,06 

0,02-0,06 

%  V 

- 

0,06-0,18 

0,06-0,18 

%  Ni 

- 

- 

0,20-0,70 

h^terial 

>  10  rrm 

>  20  nm 

(0,34  in.) 

(0,78  in.) 

thickness 

<  ==  10  rim 

<  =  20  rrm 

<  =  60  rrm 

(0,39  in.) 

(0,78  in.) 

(2,4  in.) 

The  steel  is  Al-killed  and  micro- 
alloyed.  The  chemical  conposition  is  depen¬ 

ding  on  the  material  thickness. 

5.2.  Tensile  test  -  The  tensile  test  pro¬ 

perties  of  Fe  E  460-Fritenar  to  be  guaran¬ 
teed  in  the  flange  (1/6  width)  are  pres¬ 

cribed  in  table  2. 

The  result  of  tests  carried  out  on 
beams  with  material  thic)cnesses  frctn 

10-60  mm  (0,39  -  2,36  in.)  is  given  in 
figure  3.  It  can  be  seen  that  the  guciranteed 
vcilues  are  largely  obtained  for  atll  material 
thicknesses . 

Table  2  -  Tensile  properties  of 

Fe  E  460-Fritenar 


Yield  point 

MP.  [ksl] 

Tensile  strength 
MPa  [ksl] 

Elongation 
(U>  -  5do) 

% 

Material  thickness  in  nm 

i  60 

S  60 

<  16  16<t<40  40<tS60 

460  itdn.  450  min.  440  min. 

560  -  730 

17  min. 

Cer]  [esl  [63] 

(sr  -  106] 

[  Yiald  Poii^ 


I  Tensila  Strength] 


MPq 

750 


20  40  W  (mm) 


0  •/:  1  I  </r  2  :  '/2  <:■») 

Mat.  thick. 


I  tlongotien  (5a)] 


Scattflring  BohO 


1 

IJ 

_ 

w 

Soi^p'ft  Dir#cticr  ;  lorgi'uoirol 


0^/2'’  '/J  2  2  '/2  (In.) 

Mot.  thick. 


Fig.  3  -  Result  of  tensile  test  on  beams  in 
grade  Fe  E  460-Fritenar 

5.3.  Notch-toughness  properties  -  Notch 
toughness  properties  are  characterized  by 
Charpy  V-notch  iirpact  test  carried  out  on 
specimens  taken  in  longitudinal  direction. 
The  iirpact  values  to  be  guaranteed  for 
Fe  E  460-Fritenar  are  indicated  in  table  3. 

Figure  4  shows  the  test  results 
obtained  on  an  HE-beam  with  a  flange  thick¬ 
ness  of  40  mm  (1,57  in.)  at  the  standard 
position  (1/6  flange  width)  and  at  the 
intersection  flange-web  area.  For  both  posi¬ 
tions  the  iirpact  values  at  -20°C  (-4°F)  are 
at  a  fairly  high  level,  what  is  demonstra¬ 
ting  the  good  resistance  against  brittle 
fracture  of  grade  Fe  E  460-Fritenar. 

Table  3  -  Clrarpy  V-notch  iirpact  properties 
in  longitudinal  (±Lrection 


A)psor.:.eci  Energy  min. 

Joules  [pt,  Ibf] 

-20^  [-4"p] 

0°C  [+32'^'] 

+20°C  [-68't'] 

47 

55 

[35] 

[41] 
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ft.'Df  Jou'es 


sompJe 

positiort:  longitudinal 


w/6  W/2 


-60  -*0  -20  0  20  ‘C 

-SC  -60  -40  -20  0  20  40  60  T 


i  Guaranteed  energy  level 
Mange  tiiickness:  40  mm  0-5^  in.) 


Fig.  4  -  Chazpy  V-notch  inpact  test  on  beams 
in  grade  Fe  E  460-Fritenar 

5.4.  Weldability  -  Fe  E  460-Fritenar  cam  be 
welded  with  all  manual  and  automatic  welding 
processes  like  manual  arc  welding  and  sub¬ 
merged  arc  welding,  provided  that  the  gene¬ 
ral  rules  are  respected. 

The  welding  conditions  depend  on  the 
welding  process,  the  material  thickness  and 
the  hydrogen  content  of  the  fillet  metal. 

Welding  trials  carried  out  on  different 
sections  with  heat-inputs  situated  between 
18  and  25  kJ/cm  (46-64  kJ/in)  have  shown 
that  after  welding,  the  ductility  of  the 
heat- affected  zone  remains  at  a  high  level. 
The  test  results  are  given  in  figure  5. 


5.5.  Stud  welding  -  In  the  case  of  mixed 
(steel-concrete)  constructions  it  may  happen 
that  studs  have  to  be  welded  to  a  structural 
element  by  the  drawn  arc  stud  welding  pro¬ 
cess. 

Grade  Fe  E  460-Fritenau:  is  suitable  for 
such  a  welding  process  and  an  approval  has 
been  granted  to  ARBED  by  the  "Schweisstech- 
nische  Lehr-  und  Versuchsanstcilt  Duisburg 
(F.R.  of  Germany)". 

For  the  qualification  test,  studs  of 
13  mm  (0,52  in.)  and  22  mm  (0,87  in.)  have 
been  welded  to  a  20,5  nxn  (0,81  in.)  thick 
beam  flange  without  preheating. 

The  results  of  the  metallurgical  exami¬ 
nation,  hardness  test  and  shock  trending  test 
have  been  quite  satisfactory  and  in  accor¬ 
dance  with  the  prescriptions  of  the  german 
stcindard  DIN  8563  Part  10. 

5.6.  Influence  of  stress-relieving 

Stress-relieving  at  580°C  (1076°F)  has  been 

pser formed  on  material  in  the  as-rolled  con¬ 
dition  and  on  butt-welded  material. 

For  the  as-rolled  condition  as  well  as 
for  the  welded  condition  (figure  6)  there  is 
no  significant  influence  of  stress-relie  ’ing 
on  the  yield  strength,  tensile- strength, 
elongation  and  the  Charpy  V-notch  impact 
propserties. 
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Beom:  HLIOOOM 
Motariol  thickness:  40  mm 
Walding  procASs;  monufll  ore  wAlding 
covAfAd  Alec^rodA 


-9^  TensilA  spAcim«ri 
^  WAld  me^ol  (W.M.) 

Fusion  lifiA  (r.L.) 

"•^fusion  lino  +2mm  {F  L-  +  2mm) 


C^cf py  V-  rc*ch 
impec’  *As‘ 
scAcimor# 


Rolling  diroction 

Heat  input:  25  kJ/cm  (63.5  kJ/in.) 


Minimum  guaranted  volues 


□  As-  welded 

■  After  stress-relieving  at  580‘’C-  1.5h 


o.is=:-c' 

- 1 

1 .46^Mn 

0.46~Si  i 
- 1 

0.06 ''.Al 

[0.032'iNb 

0, 1 1  env  1 

0.474^Nl' 

0.007^.N2 

Fig.  6  -  Influence  of  stress-relieving  on  the  inechcinical  properties  of  welded  joints  in  steel 
grade  Fe  E  460-Fritenar 


5.7.  Afplications  of  Fe  E  460-Fritenar  in 
structural  steelwork 

5.7.1,  General  reoark  -  Until  now,  the  num¬ 
ber  of  structures  built  with  hot-rolled 
beams  in  high-strength  steel  Fe  E  460  is 
rather  limited.  This  is  due  to  two  major 
facts,  namely: 

-  Most  of  the  existing  standards  are  limi¬ 
ted  to  steel  grades  with  yield  strength  less 
or  equal  360  MPa. 

-  Engineers  and  steel  constructors  are  very 
suspicious  of  new  materials. 

In  future,  these  handicaps  should  be 
removed  by  introducing  grade  Fe  E  460  in  the 
most  inportant  national  and  international 
standards  and  by  giving  the  customers  argu¬ 
ments  and  data  concerning  the  fabrication 
and  the  application  of  the  new  steel. 

In  order  to  succeed  in  this  field  and 
to  create  a  scientific  background,  ARBED- 
Research  is  realizing  a  large  research  pro¬ 
ject  with  the  aim  to  give  the  customer  all 
the  data  he  needs  for  using  HSLA-steels. 

5.7.2.  Columns  in  Fe  E  460-Fritenar  -  When 
using  columns  in  steel  grade  Fe  E  460,  the 
average  weight  savings  are  about  22%  as  com¬ 
pared  to  grade  Fe  510  (figure  7)  .  In  some 
cases,  e.g.  for  certain  buckling  lengths  or 
different  steel  shapes,  the  savings  may  be 
much  more  pronounced.  At  the  same  time,  the 
total  area  of  the  column  can  be  reduced  by 
about  25%  in  average,  increasing  by  this  way 
the  effective  area  of  the  building. 


5.7.3.  Beams  in  Fe  E  460-Fritenar  -  Use  of 
beams  in  Fe  E  460  leads  on  the  one  side  to 
weight  savings  of  about  15%  as  conpared  to 
steel  Fe  510  Ly.P.  =  355  MPa  (50  ksi)  ]  when 
choosing  the  same  beam  depth,  or  on  the 
other  side  to  depth  reduction  of  about  11%. 
Deflection  problems  can  be  solved  by  reali¬ 
zing  coirposite  beams,  where  the  steel  sec¬ 
tion  is  connected  to  a  concrete  slab  by 
shear  studs  (figure  8) .  It  should  be  noted, 
that  stud  welding  can  be  performed  by  the 
usual  way  without  preheating. 

5.7.4.  Frames  in  Fe  E  460-Fritenar  -  In 

industrial  frame  buildings,  weight  savings 

reach  30%  cerrpared  to  grade  Fe  360.  In  the 
past,  ARBED  realized  several  tests  on  frame- 
joints  at  the  University  of  Karlsruhe 

(figure  9)  .  In  spite  of  the  very  high  yield 
strength  of  570  N/itirf  obtained,  the  beha¬ 
viour  of  the  test  specimen  was  astonishing, 
by  reaching  nearly  the  full  plastic  moment 
without  local  buckling.  In  fact,  at  the  end 
of  the  tests,  a  plastic  hinge  could  be 

visualized  by  special  methods  (figure  10) . 

5.7.5.  Reference  objects  -  Due  to  the  rea¬ 

sons  evoked  above,  the  number  of  reference 
objects  is  rather  limited.  However  some  of 

them  are  worth  mentionning: 
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Buckling  load  (kN) 


- -  —  Grade  FeE460 

Yield  point  460  MPo  min  (67  ksi) 
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Buckling  length  (m) 


7  -  Cortparison  of  the  buckling  load  of  columns  in  steel  grades  Fe  510  and  Fe  E  460 


(kNm)  IPE  240  IPE  400  IPE  600 


Profile  depth  (mm; 


Fiq.  8  -  Ultiirate  bending  nonent  of  ccnposite  beams 


i.  x:<iB 


(Y.P.  “  355  MPa)  At  the  same  time,  weight 
savings  of  about  30%  could  be  realized.  This 
two  gains  haid  of  course  a  decisive  influence 
on  the  econcny  of  the  object. 

B)  Multi-storey  parkings  in  F.R.  of  Germany 
-  In  Germany,  several  objects  were  recLLized 
in  Fe  E  460.  Beams  with  spans  of  16  meters 
used  in  park-houses  allowed  the  parking  of 
two  cars  on  each  side  with  space  for  traffic 
inside  (figure  12) .  Steel  Fe  E  460  was  cho¬ 
sen  for  clearance  problems  and  for  money 
saving. 

Nevertheless  the  slab  was  not  connected 
to  the  HSLA-beams,  deflection  problems  could 
be  avoided  by  choosing  IPEA-shapes,  which 
present  the  best  ratio  inertia/weight. 

This  application  was  the  first  refe¬ 
rence,  where  Fe  E  460  elements  loecame  stan¬ 
dardized  structural  elOTents. 


Fig.  9  -  Calculation  model  for  bolted  joints 


Fig.  10  -  Test  specimen  in  grade  Fe  E  460 
after  testing 

A)  Multi-storey  building  in  Luxentxourg  - 
The  public  center  for  data  processing  in 
Luxembourg  (figure  11) ,  erected  in  1987,  is 
ccitposed  by  a  multi-storey  steel  frame.  In 
order  to  have  great  facilities  for  later 
disposition,  the  column  section  should  be 
reckiced  to  a  minimum.  By  using  steel 
Fe  E  460,  the  column  area  could  be  reduced 
by  40%  catpared  to  columns  in  steel  Fe  510 


Fig.  11  -  Data  Processing  Center  in  Luxon- 
bourg 


Fig.  12  -  Park-house  in  Offenbach  (F.R.  of 
Germany) 
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C)  Ccnposite  bridges  for  Turkey  -  As  part 
of  the  construction  of  several  bridges  for  a 
new  line  of  the  "Light  Rapid  Transport 
System"  in  Istanbul  (figure  13),  the 
requirements  of  the  owner  concerning  clea¬ 
rance  and  span  were  leading  to  the  applica¬ 
tion  of  tailor^Tiade  HLIOOO  beams  with  flange 
thicknesses  of  55  rrtn  in  HSLA-steel  according 
to  ASHi  572  (Grade  65)  .  The  four  main  gir¬ 
ders  with  a  span  of  34  meters  support  a  con¬ 
crete  slab  of  25  cm  thickness. 

li-ie  application  of  this  steel  grade  in 
a  railway-bridge  proves  also  the  good 
fatigue  behaviour  of  HSLA-beams. 

5.8.  Synthesis  -  By  progress  in  steelmaking 
and  rolling  techniques  at  ARBED,  an  econcmic 
production  of  sections  presenting  a  ccwibina- 
tion  of  a  high  yield  point  (Re  =  460  MPa) 
and  hig):  toughness  at  low  tenperature 
(-20°C)  [-4°f]  has  become  possible.  The 

developed  steel  grade  Fe  E  460  is  weldable 
with  all  usual  welding  processes.  After  wel¬ 
ding,  the  toughness  of  the  heat-affected 
zone  remains  at  a  sufficient  high  level.  It 
should  however  loe  pointed  out  that  during 
welding  precautions  are  necessary  in  order 
to  avoid  cold  cracking  of  the  heat  affected 
zone. 

The  material  can  be  stress-relieved 
without  altering  significantly  the  mechani¬ 
cal  properties. 

Flame-cutting  and  machining  can  be  per¬ 
formed  without  any  major  problems. 

The  development  of  a  HSLA-steel  like 
Fe  E  460-Fritenar  will  help  to  inprove  the 
conpetitivity  of  structural  steelwork.  How¬ 
ever  the  use  of  higher  strength  structural 
steels  is  in  Europe  at  present  limited  by 
the  fact  that  many  standards  and  design 
rules  for  structural  steelwork  do  not 
include  those  grades.  This  situation  will 
certainly  be  improved  by  the  introduction  of 
Eurocode  3  for  structural  steelwork. 


Fig.  13  -  Light  Rapid  Transport  System  in 
Istanbul  (Turkey) 


6.  DEVELOPaiENT  OF  HIGHLY  WELDABLE  JUMBO 
SHAPES  FOR  TENSION  MEMBERS:  STEEL  ASIM  A  572 
GRADE  50-FRITENAR 

6.1.  Aim  of  the  development  -  For  many 
years  Jumbo  shapes  have  joeen  used  success¬ 
fully  as  columns  in  high  rise  buildings 
where  they  had  to  support  only  axial  com¬ 
pression  loads,  so  that  no  special  toughness 
requirarents  had  to  be  specified. 

However,  when  Juntoc  sections  were  used 
as  tension  members  in  large  trusses  or  bra¬ 
cings,  craclcing  and  even  failures  occured  in 
groove-welded  splices .  An  extensive  '.udy 
conducted  at  Lehigh  University  [4J  lec.  to 
the  conclusion  that  due  to  low  toughness, 
mainly  in  the  core  area  of  Jumbo  sections, 
bolted  connections  should  )De  designed 
instead  of  welded  joints  when  subjected  to 
tension  stresses. 

In  view  of  these  results,  ARBED  started 
a  research  program  to  improve  technological 
and  mechanical  propertic.  of  ASTM  A  572 
Grade  50  steel  for  Jumbo  sections . 

Based  on  ARBED' s  large  experience  as  a 
svpplier  of  high  quality  steel  grades  for 
offshore  platforms  in  the  North  Sea,  a  spe¬ 
cial  steel  grade  called  ASTM  A  572  Grade  5U 
Fritenar  was  developed  for  Jumbo  shapes  in 
tension  applications.  This  steel  ccmbines 
standard  properties  of  ASTM  A  572  Grade  50 
with  improved  toughness  properties  and  high 
weldability . 

6.2.  Trials  -  Trials  have  been  carried  out 
on  the  2  Jumbo  beamis  :  ndicated  in  table  4 . 

Table  4  -  Test  beams 


type 

ASTM  A  6 

Group 

Materia*  thickness 

Flange 

w>>b 

WF14"Xr6''x73C  lbs 

S 

1 25  rrer, 

(4,92  in.) 

78  rr. 

(3,10  !-.) 

wyi4~xl6“x3V0  lbs 

4 

68  rr 

(2,67  ir.l 

42  rr. 

(1,65  in.) 

For  each  beam  2  variants  were  tested: 
Variant  A:  ASIM  A  572  grade  50  -  standard  - 
quality  (hot  rolled) 

Variant  B:  ASTM  A  572  grade  50  -  Fritenar 
(TM-SC-process ) 

Beams  in  ASTM  A  572  grade  50  standai'd 
quality  were  hot  rolled  according  to  a  nor¬ 
mal  rolling  practice.  Our  new  advanced  ther- 
mcmechanical  rolling  technique  (TM-SC-pro¬ 
cess)  has  been  used  for  the  Fritenar  quality 
with  a  mr  lified  chemical  conpositiDn  as 
indicated  in  table  5. 
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Table  5  -  Chemical  conposition 


•  Ckzta^  aqulvAlWil  (IIH)  :  Cl  •  C  •  Ito  *  Cr  t  tto  ♦  V  4  ILL  ♦  Ol 
t  i  li 

6.3.  Results  of  the  mechanical  tests 
6.3.1.  Tensile  properties  -  Tensile  test 
specimens  Jiave  been  taken  in  the  web  in  lon¬ 
gitudinal  direction  in  accordance  with  ASTM 
standard.  The  results  are  shown  in  table  6. 


Table  6  -  Tensile  test  results 


All  tested  material  is  in  corrpliance 
with  the  requirements  for  Grade  50  steel 
according  to  ASTM  A  572.  Fritenar  steel  has 
a  considerably  higher  elongation. 

6.3.2.  Charpy  V-notch  impact  properties  - 
Toughness  properties  have  been  evaluated  by 
Charpy  V-notch  impact  tests  in  longitudinal 
direction,  performed  on  samples  taken  from 
the  flange.  Figure  14  shows  the  sample  loca¬ 
tions  and  the  test  results. 

For  both  test  locations,  Grade  50  Fri¬ 
tenar  steel  shows  considerably  improved 
toughness  properties. 

6.4.  Full  scale  bend  tests  -  The  goal  of 
the  bend  tests  on  full  scale  samples  was  to 
determine  the  loads  which  can  be  supported 
by  Jumbo  shapes  in  tension  applications. 

In  these  tests,  performed  at  the  Uni¬ 
versity  of  Karlsruhe,  a  Jumbo  shape  in  qua¬ 
lity  ASTM  A  572  Grade  50  Fritenar  with  a 
groove-welded  splice  has  been  compared  to  2 
non  welded  reference  shapes: 

-  1  beam  in  ASTM  A  572  Grade  50  -  standard 

quality  (variant  A) 

1  beam  in  ASTM  A  572  Grade  50  -  Fritenar 
(variant  B) 


Vo'"  oif  A  Vo'-'ant  B  Vo^'O^'t  A  Var'a-it  B 


Variant  A  ASIW  A  i)72  grade  t>0  -  sfondord  qualit> 
Variant  B'  ASIt^  A  S72  grade  i>0  -  Fritenar 


*/6  *i/'2 


Fig.  14  -  Influence  of  the  TM-SC-process  on 
the  toughness  of  Jumoo  beams  in  a  steel 
grade  with  a  yield  point  of  345  MPa  min. 

In  figure  15,  the  test  results  are  com¬ 
pared  to  theoretical  values  obtained  on  the 
basis  of  an  ideal  elasto-plastic  design.  It 
appears  that  expserimental  loads  are  conside¬ 
rably  higher  than  the  theoretical  ones.  For 
all  3  tests,  the  load  corresponding  to  the 
beginning  of  plastification  is  clearly 
higher  than  the  admissible  load  for  design. 

These  tests  show  that  groove— welded 
splices  of  Jumbo  shapes  in  ASTM  A  572 
Grade  50  Fritenar  meet  all  structural 
requirements  and  that  they  can  be  subjected 
to  high  tension  stresses  with  large  safety 
margins . 

6.5.  Synthesis  -  Based  on  the  improved 
chemical  corposition  and  our  new  ach/anced 
thermonechanical  rolling  technology  with 
selective  cooling.  Junto  shapes  have  been 
developied,  suitable  for  butt-welded  connec¬ 
tions  in  ten..,ion  merrbers. 
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Welded  beam 

W  «  ASTM  A572  grofie  SO  -  Ti.'.ena' 
Non-weided  beoms 

VH  ■  AS'W  A572  grode  SO  -  stando'd  Quality 
V'S  »  ASTw  A572  gfode  SO  - 


Fig.  15  -  Bend  test  on  reference  and  butt-welded  Junbo  beams  W14"x730 


The  new  steel  named  ASTM  A  572  Grade  50 
Fritenar  has  the  following  properties: 

-  fine-grained  microstructure  over  the 
entire  cross-section 

-  iitproved  notch  toughness  properties,  par¬ 
ticularly  in  the  core  area 

-  low  carbon  equivalent  resulting  in  excel¬ 
lent  weldability. 

Large  scale  tests  have  shown  that 
groove-welded  splices  of  Jumbo  shapes  in 
ASTM  A  572  Grade  50  Fritenar  can  be  used  as 
tension  members. 

This  new  product  enables  cost-effective 
design  of  steel  structures  and  will  contri¬ 
bute  to  improve  their  corpetitivity . 

7.  CCa^CLUSIONS  -  Technical  progress  in 
steelmaking  and  especicLLly  in  thermonecha- 
nical  rolling  of  sections  has  been  important 
during  the  last  decade.  The  developments 
resulted  in  an  economic  production  of  a  new 
generation  of  HSLA  structural  sections  ccm- 
bining  properties  formerly  supposed  to  be 
contradictory : 

-  High  yield  strength 

-  Excellent  weldability 


-  Good  resistance  to  brittle  fracture 

For  the  users  these  developments  have 
opened  new  possibilities  in  terms  of  weight 
savings  and  easier  fabrication  and  by  this 
way  contributing  to  a  considerable 
improvanent  of  competitiveness  of  steel 
structures . 
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ABSTRACT 

MICROAUjOYED  carbon  rail  steels 


As  rail  trackage  has  decreased  and  car 
weights  increased,  the  basic  rail  steel  has 
been  subject  to  conditions  beyond  its  limits. 
This  has  lead  to  the  development  of  methods  of 
improving  this  eutectoid  pearlitic  steel  to 
withstand  present  requirements.  Heat 

treating,  alloying  and  microalloying  of  basic 
steel  has  been  investigated  and  the  steels 
field  tested  over  the  last  several  decades. 
While  each  method  has  given  major 
improvements,  heat  treating  appears  to  be  the 
most  acceptable  rail  steel.  However,  recent 
work  on  head  hardening  of  microalloyed  (Mb)  , 
rail  steel  is  an  interesting  possibility  for 
future  direction. 

INTRODUCTION 

Since  the  first  use  of  cast  iron  plate 
over  wood  runners  around  1767,  there  has  been 
a  continuing  search  for  improved  rails.  For 
the  next  100  years  the  rails  went  throught 
minor  change  in  composition  but  major  change 
in  design  until  a  tee  rail  similar  to  that 

used  today  came  into  common  use.  It  was  in 
1865  that  the  first  bessemer  steel  rail  was 

rolled  in  the  United  States.  The  next  100 

years  saw  little  change  in  design  but  a  large 
change  in  cross-section  as  rails  increased 
from  50  pounds  per  yard  up  to  155  pounds  per 
yard.  The  increase  in  cross  section  was 
required  to  compensate  for  the  increase  in 
rail  car  capacity  from  less  than  10  tons  to 
A0-5C  tons.  In  the  last  twenty  years  the  load 
capacity  has  Increased  to  the  point  where  some 
rail  cars  exceed  100  tons.  See  Figure  1, 

(1,2) 


tons 


'29  39  44  47  51  55  57  60  65  70  75 


Figure  1  Increase  in  Freight  Car  Capacity  from  1929  to  1975 


This  increase  in  load  combined  with  higher 
speeds,  longer  trains,  and  reduced  mainlii^e 
trackage  placed  severe  demands  on  the  existing 
carbon  rail  steels.  Since  the  turn  of  the 
century  the  standard  rail  steels  had  a 
composition  of  0.69  to  0.82%  carbon  and  0.70 
to  1.00%  manganese  with  a  fully  pearlitic 
structure.  See  Table  1  (3,6).  This  as 

rolled  steel  has  a  fairly  coarse  pearlitic 
spacing,  giving  a  yield  strength  of 
approximately  70ksi  (682MPa) ,  tensile  strength 
of  around  135Ksi  (930MPa) ,  and  fracture 
toughness  of  about  36Ksi  (248MPa) .  The  steel 
had  given  good  service,  but  modern  conditions 
has  resulted  in  accelerated  wear,  shelling, 
detail  fracture,  corrugations,  and  plastic 
deformation.  Further  increases  in  rail 

section  size  is  not  practical  as  the  standard 
steel  rails  are  now  in  service  conditions 
where  property  limits  are  being  exceeded. 
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TABLE  1  CHEMICAL  REOUIREMENTS 


COMPOSITION . ,% 
NOMINAL  UEICHT,  L^/YD 

(KG/H) 

ELEMENT 

12  i8  .83^?n8f 

?1 

91 

to 

19. ly. 

121  (60 .1  ) 
and  over 

Carbon 

O.SS  -0  .68 

0.64-0  .77 

0.67-0  .80 

0 .69  -0  .82 

Manganese 

0.60-0  90 

0.60-0  .90 

0.70  -1  .00 

0.70  -1  .00 

Phosphorus  ,  sax . 

0.04 

0.04 

0  .40 

0.40 

Sulfur,  eax . 

0  .OS 

0  .05 

0.50 

0  .05 

Silicon 

0.10-0  .25 

0.10-0  .25 

0.10-0.25 

0.10-0.25 

High  side  rails  on  curves  are  deforming  as  a 
result  of  subsurface  shear  (shelling) ,  while 
the  heads  of  the  low  side  rails  are  being 
crushed.  Figure  2. 

Lubrication  can  reduce  wear  to  some 
extent,  as  can  the  modification  of  wheel  and 
rail  profiles.  However,  none  of  these  changes 
can  prevent  failure  due  to  the  steel  exceeding 
it  property  limits. 

Increased  material  and  rraintenance  cost 
as  a  result  of  accelerated  replacement 
requirements  (as  often  as  six  months  on  heavy 
haul  ore  trackage) ,  required  the  development 
of  premium  quality  steels  with  higher  yields, 
higher  fatigue  strength,  higher  wear 
resistance,  resistance  to  corrugations,  gpod 
toughness,  and  good  weldability.  To  this  end 
the  standard  rail  steel  has  been  modified  by 
quality  refinement,  alloy  modification, 
microalloying,  and  combinations  thereof. 


OUTSIDE  RAIL 


INSIDE  RAIL 


Figure  2.  Difference  in  Wear 


ODALITY  REFIHEMEWT 

In  non- lubricated  rolling-sliding  and 
sliding  friction  systems  under  large  plastic 
deformation  or  on  exceeding  the  deformation 
limits,  cracks  appear  in  the  near  surface 
region  which  can  lead  to  very  high  wear  rates. 
This  type  of  cracking  has  been  ascribed  to 
non-metalllc  ^kl-sul  inclusions  in  some  cases. 


(5)  In  a  number  of  reports  from  Russia,  Zr 
and  Ce  additions  increase  resistance  to 
development  of  fatigue  cracks  and  increase 
toughness  by  17%  in  through  quenched  rails  by 
refinement  of  sulfides  and  globularization  of 
the  brittle  fractured  silicates;  Si-Mn-Al 
additions  instead  of  Si-Mn  increased  the 
degree  of  deoxidation,  reduced  the  effects  of 
stringer  silicates  and  increased  impact 
strength;  Ti ,  nitrogen  and  rare  earths 
additions  changed  the  composition  and  shape  of 
non-metallic  inclusions,  resulting  in  high 
strength  and  hardness,  which  gave  wear 
resistance  and  contract  fatigue  strength  rises 
of  150  -  200%. (6) 

HEAT  TREATMENT 


Although  an  improvement,  clean  steel 
practices  can  not  raise  the  properties  of 
carbon  rail  steel  to  an  acceptable  level  for 
todays  severe  service.  On  the  other  hand, 
heat  treatment  of  the  standard  carbon  rail 
steel  can  give  vastly  improved  properties. 
Austenising,  quenching  in  air  or  oil,  and 
tempering  can  improve  both  toughness  and 
strength  by  decreasing  the  pearlite  spacing 
and  refinement  of  the  prior  austenitic  grain 
size.  As  a  result  there  can  be  up  to  a  50% 
improvement  in  yield  (100/125Ksi-689/86  MPa), 
tensile  strength  (150/175Ksi-1033/1203  MPa), 
and  hardness  in  the  range  of  BHN  321/388. 
Thus  wear  life  can  be  improved  by  a  reported 
factor  of  three.  Figure  3  and  4  are  examples 
of  the  effect  of  pearlite  spacing  and  prior 
austenitic  grain  size.  (7,8). 

Both  fully  heat  treated  rail  and  also  rail 
head  hardened  by  induction  heating  and  air 
quenching,  are  used  in  many  areas  today. 

Although  heat  treatment  was  a  major  step 
forward,  there  are  limits  to  property 
improvements  of  the  carbon  steel.  There  are 
also  the  requirements  of  additional  equipment 
and  added  operations.  Thus  as  an  alternative, 
modification  of  the  steel  composition  to 
provide  similar  or  improved  properties 
as -rolled  has  been  under  taken  by  many 
companies  and  Individuals . 
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PEARLITE  SPACING,  (S),  A 
2,400  2,000  1,600  1200 


Figure  3 

Yield  Strength  and  Hardness 
Vs  Pearlite  Spacing 


AIXOY  WODIFICATIOW 

The  development  of  self  hardening,  highly 
wear-resistant  rail  steels  with  improved 
behavior  in  service  through  alloy  additions  to 
Che  standard  carbon  rail  steel  was  started  in 
the  early  sixties.  (9) 

The  carbon  level  in  the  standard  rail 
steel  is  based  on  the  fact  Chat  the  carbon 
controls  the  volume  fraction  of  pearlite  and 
is  maximized  at  the  eutectoid  carbon  content. 
Higher  carbon  contents  would  increase 
embrittlement.  Lower  carbons  would  increase 
ferrite  with  a  decrease  in  strength  and 
increased  toughness.  Lower  carbon  contents 
can  be  offset  by  additions  of  solid  solution 
strengtheners .  (10) 

Manganese,  by  its  effect  on  the  eutectoid 
carbon,  increases  the  volume  fraction  of 
pearlite,  reduces  austenitic  grain  size,  and 


K||3(ksi-\  in) 


Dynamic  Fracture  Toughness  as  a  function 
of  Prior  Austenitic  Grain  Size 


reduces  the  interlamellar  spacing  of  the 
pearlite.  It  is  also  a  ferritic  solid 
solution  strengthener .  Manganese  up  to  1.35% 
can  be  tolerated  in  terms  of  toughness.  Above 
1.7%  it  can  cause  welding  difficulties.  (11) 

Silicon  improves  the  strength  and  wear 
resistance  as  it  is  also  a  ferrite  solid 
solution  strengthener.  Up  to  0.60%  can  be 
tolerated  in  terms  of  toughness.  (12) 

Chrome  by  lowering  the  transformation 
temperature  for  pearlite  gives  a  refined 
pearlite  structure  and  thus  increases 
strength.  Chrome  precipitates  help  strengthen 
the  ferrite  laths.  (13) 

Molybdenum  also  lowers  ttie  transformation 
temperature  and  helps  refine  pearlite  for 
higher  strength.  At  higher  levels  (.30%  40%), 
the  transformation  temperature  is  lowered  to  a 
point  where  bainite  is  formed,  resulting  in 
lower  strength  and  hardness.  (14). 


TABLE 

2  -  Ranges  of  cheei 

ical  coBposi 

t  i  ons 

of  ra  i  1 

ateela 

used 

i  n 

Hon 

:h 

Aae r  i  ca 

Carbon 

Manganese 

Phosphorus 

Sull 

Fur 

S 

ill 

con 

ChroBi UB 

AREA 

Standard 

0  .69/0  .82 

0.70/1  .00 

>0 

.04 

>0 

.04 

0  . 

10 

to  0 

.25 

*** 

H  i  gh 

Si  1 i con 

0  .69/0  .82 

0  .70/1  .00 

>0 

.04 

>0 

.04 

0  . 

SO 

to  1 

.00 

*** 

1  nter 

M 

aedi  ate 
nganese 

0  .65 

1  .37 

>0 

.04 

>0 

.04 

0  . 

10 

to  0 

.25 

■irk* 

Ch  roB 

i  UB 

0  .72 

0  .78 

>0 

.04 

>0 

.04 

0 

.25 

1  .31 

Heat-  treated  rails  are  produce  only  from  AREA  Standard 
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TABLE  3  -Typical  aechanical 
North  America  at  21 

properties 
°C  (75°  F) 

of  rail 

steels  used 

in 

Yield 

Strenath 

T  ens  i  1  e 

Strength 

E  1  ongat i on 

Dynamic  1 
.Ijjugl 

Fracture 

mess 

ks  i 

HP  a 

ksi 

HPa 

% 

ksi  777 

P1M---V2 

S  t  anda  rd 

69  .9 

481  .9 

135  .9 

937 .0 

9  .5 

26  .0 

28  .6 

High  Silicon 

70  .8 

488 .2 

137.0 

944  .6 

10  .3 

19  .0 

20  .9 

I nternedi ate 
Hanganese 

76  .2 

525  .5 

133  .4 

920.1 

13  .5 

27  .0 

29 .7 

Ch  r on i um 

94  .9 

654 .1 

161  .6 

1114  .0 

9.2 

19 .0 

20  .9 

Heat  -treated 

126 .1 

869  .4 

176  .9 

1219  .7 

9.5 

34  .0 

37  .4 

Tables  two  and  three  show  typical 
compositions  and  properties  for  some  of  the 
rail  steels  used  in  the  seventies.  Although 
the  high  silicon,  intermediat  manganese  and 
chrome  grades  were  superior  to  the  as  rolled 
carbon  rail  steel,  they  all  proved  inferior  to 
the  same  steel  when  it  was  heat  treated.  An 
as-rolled  steel  equivalent  to  the  heat  treated 
steel  was  developed  by  reducing  the  chrome  in 
the  chrome  steel  and  adding  molybdenum.  See 
Figure  5. 
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Figure  5.  Influence  of  Molybdenum  Content  on  Strength  of 

Chromium-Molybdenum  Rail  Steels  of  Grain  Size  ASTM  10 


One  of  the  problems  with  alloy  steels  is 
the  tendency  for  the  elements  to  segregate 
during  solidification.  This  has  been  reduced 
in  part  by  steel  producers  continuous  casting 
rail  steels. 


MICROALLOYTWG 


At  the  same  time  as  the  alloy  rail  steels 
were  being  developed,  vrork  was  being  done  on 
the  development  of  microalloyed  rail  steels. 


Vanadium  additions  of  from  0.01  to  0.30% 
have  been  made  to  standard  carbon  rail  steel. 
As  little  as  0.03%  reportly  gives  major 
improvements  to  wear  resistance,  strength  and 
ductility,  as  pearlite  spacing  is  refined  and 
VC-V(CN)  precipitates  are  dispersed  through 
Che  ferrite  laths.  Vanadium  produces  an 
increase  in  yield  strength  of  15/22  Ksi 
(100/150MPa)  with  additions  up  to  0.15%,  but 
higher  additions  are  not  beneficial.  (15-18). 
On  the  other  hand  vanadium  has  been  reported 
CO  raise  the  transformation  temperature  for 
pearlite,  thus  causing  thicker  pearlite 
lamellars,  lowering  impact  strength  and 
toughness.  (19). 

Chrome  appears  to  offset  the  effect  of 
vanadium  on  the  transformation  temperature  and 
gives  a  lower  temperature  when  in  combination. 
Thus  the  pearlite  thickness  is  finer  than  with 
vanadium  alone  and  fatigue  strengthens  up  to 
65Ksi  have  been  reported.  Chrome  levels  of 
0.4  -  1%  and  vanadium  levels  of  0.06  to  0.2% 
have  been  indicated.  Service  life  of  several 
times  better  than  carbon  rail  steel  has  been 
shown  for  1%  Cr-  0,1%  V  steels.  Good 

weldability  and  2.5  life  improvement  has  been 
reported  for  1%  Cr-0.15%  V.  Hardnesses  up  to 
BHN  600  were  reported  for.4%/6%  Cr-  0.06/0.1% 
V  with  115  Ksi  (786  MPa)  yield  strength. 
(20-24) 

In  Europe  a  lower  carbon  (0.4%)  rail  steel 
with  0.4%  Cr ,  0.2%  Ni ,  0.17%  V  has  been 
reported  to  give  major  service  life 
improvements.  The  Ni  is  added  to  control  hot 
shortness  due  to  Che  copper.  The  Ni  and  Cu  in 
combination  gave  a  finer  grain  size  and 
Increased  yield  strength.  As  in  the  Cr-V 
steels,  a  0.5%  Cr  addition  intensified  the  V 
precipitates  in  the  ferrite.  This  steel 
reportedly  had  good  weldability.  (25-26)  . 

The  microalloyed  steel  with  the  widest 
acceptance  appears  to  be  V-Cr-Mo  rail  steels, 
(0.07%V,  0.7%Cr,  0.2%Mo).  These  steels 

reportedly  have  yield  strengths  in  the  are  of 
121  Ksi  (834  MPa),  tensile  strengths  of  183 
Ksi  (1260  MPa),  and  hardnesses  around  BHN  376. 
See  table  4.  The  chrome  and  manganese  are 
kept  low  for  better  weldability.  Also  close 
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TABLE  ^  -  COBparison  of  Cr -No  and  Cr-No-V  Steel  Rails 


steel 

Coapos i t i on . 

,  ut. 

Percent 

0.2%  Yield 
Strength 

Ul  1 1  na  t  e 
Tens  1 te 
Strength 

[1] 

[2] 

[3] 

C 

H  S  I 

Cr 

No 

V 

MPa 

(ksi) 

Npa 

(ksi) 

Cr  -Mo 

0.75 

0.81  0.26 

0.69 

0.18 

- 

785 

(114) 

1210 

(175) 

11 

25 

350 

Cr-Mo-V(l  ) 

0.66 

0.90  0.23 

1  .02 

0  .06 

0.09  675 

(  98) 

1100 

(159) 

12 

21 

327 

Cr  -No  -V  (I  1  ) 

0.78 

0.85  0.39 

0  .75 

0  .20 

0.07  835 

(121) 

1260 

(183) 

9 

13 

376 

[1  ]  Elongation, %  [2]  Reduction  In  Area,%  [3]  Head  Hardness  HB 


control  of  the  Mo-Cr-V  content  is  needed  to 
prevent  bainite  formation  and  thus  decreased 
properties .  (27) . 

Niobium  additions  of  0.01%  to  0.1%  have 
been  made  to  carbon  rail  steels.  As  little  as 
0.028%  Nb  can  give  over  a  25%  increase  in 
yield  strength  compared  to  carbon  rail  steel. 
A  similar  increase  in  hardness  is  reported 
(BHN  320) .  The  niobium  lowers  the  pearlite 
transformation  temperature  to  produce  finer 
pearlite  lamellars  and  thus  give  higher 
strength.  Niobium  also  lowers  precipitates  at 
high  temperatures  and  acts  to  control  prior 
austenitic  grain  size.  This  results  in  finer 
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Figure  6.  Hardness  Distribution  of  Weld  Joint  Sections  of 
Three  Types  of  Rails 
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Figure  7  Hardness  Distribution  of  Weld  Joint  of  Type  If  Rail 


pearlite  colony  size  and  thus  better 
toughness.  Wear  resistance  compared  to  carbon 
steel  is  doubled  with  0.028  Nb  additions. 
Impact  strength  is  greater  or  equal  to  steels 
of  similar  yield  strengths  and  weldability  is 
quite  good.  Reportedly  service  test  gave 
equivalent  life  compared  to  heat  treated  rail. 
(28). 

In  comparative  weld  test  a  .006%  Nb  steel 
containing  chrome  exhibited  less  variation  in 
the  heat  affected  zone  than  Cr-V,  carbon,  and 
heat  treated  rail  steels.  See  figures  6  &  7 
and  table  5.  (29),  Chrome  in  combination  with 

niobium  reportedly  gives  a  steel  with  critical 
fracture  stresses  superior  to  heat  treated 
rail  steels.  Pearlite  lamellars  are  finer  as 
is  the  pearlite  spacing.  This  shows  up  in  a 
40%  increase  in  yield  strength  over  carbon 
rail  steel,  as  shown  in  table.  6.  (30-31). 

Niobium -Molybdenum  rail  steels  have  not 
been  fully  investigated  as  early  results 
produced  a  bainite  structure  at  0.25%  Mo  and 
0.05%  Nb,  as  a  result  of  the  pearlite 
transformation  temperature  being  retarded. 
(32). 

Vanadium  additions  to  0. 5/0.1%  Nb 
0.85/1.4%Cr  Steel  producted  mixed  results. 
Tensile  strength  was  reduced  with  0.1%  V 
additions.  However  there  was  a  lOKsi  (B'l  MPa) 
increase  in  yield  strength,  although  no  effect 
on  ductility  and  toughness.  A  0.2%  V  addition 
caused  significant  reductions  in  ductility  and 
fracture  toughness.  (33). 


TABLE  S  CHENICAL  CONPOStTIOHS  OF  NEWLY 


DEVELOPED  RAIL 

STEELS 

(%) 

c 

Si 

Mn 

Cr 

Nb 

Type 

I 

0.81 

0.89 

1.21 

— 

0.014 

Type 

II 

0.75 

0.90 

0.82 

0.61 

0.011 

437 


I 


TABLE  6 


ELEMENr 

CARBON 

STEEL 

HIOBIAS 

200 

STONE 

STEEL 

C 

0  .74 

0  .78 

0  .70 

Hn 

0  .80 

1  .33 

1.10 

Si 

0.14 

0  .79 

0  .75 

Cr 

- 

- 

0  .80 

Cb  (Nb) 

- 

0  .028 

0  .06 

YS  (MPa) 

510 

645 

705 

TS  (MPa) 

920 

1070 

1040 

E  t  ong  (%) 

1  1 

10 

10 

Red  of  Area  (%) 

18 

15 

16 

(H8«  ) 

267 

320 

340 

Y  i  e  1  d  \T  e  n  s  i  1  e 

0  .55 

0  .60 

0  .68 

Co(umbium(Niobi 
Properties  Ref. 

urn )  Rail 
30 

Steel  Comp 

(%)  + 

Boron  additions  have  also  reportedly  been 
made  to  microalloyed  and  alloyed  rail  steels. 
In  Russia,  boron-vanadium  additions  reportedly 
increased  the  hardness  to  BHN  450  and  tensile 
strength  to  235Ksi  (1619MPa).  (34).  The 

English  on  the  otherhand  proposed  a  steel 
containing  up  to  3%  Mn,  3%  Mo  and  boron  with 
optional  additions  of  up  to  6%  Ni,  Cr,  Cu. 
These  balnitic  steels  are  reportedly  tough  and 
wear  resistance.  (35).  Apparently  no  boron 
containing  rail  steels  have  been  service 
tested. 


CONTROLLED  ROLLING  OF  MTCROALLOYED  STEELS 

Some  of  the  more  recent  work  on 
microalloyed  rail  steels  has  involved 
evaluation  of  the  rolling  temperature  and  more 
precisely  the  finishing  temperature.  High 
finishing  temperatures  promoted  the  retention 


(°F) 

2000  2200  2400 


of  niobium  in  solution  in  the  austenite  and 
threfore  increased  the  precipitation 
strengthening  of  the  ferrite.  (See  figure  8). 
A  low  finishing  temperature  on  the  otherhand, 
enhances  strain  induced  precipitation  in  the 
austenite  with  a  resulting  refinement  of  the 
pearlite  colony  size.  (36). 

With  lower  carbon  and  higher  manganese 
the  niobium  in  solution  can  be  increased  to 
give  higher  strength.  Higher  silicon  contents 
can  add  to  the  strength  and  toughness , 
enhancing  the  effects  of  the  low  finishing 
temperatures .  At  the  lower  temperature  the 
ductility  is  Improved  as  a  result  of  the 
elongated  austenitic  grains  and  the  refinement 
of  the  pearlite  cells.  Reportedly,  controlled 
rolled  microalloyed  steels  can  be  superior  to 
heat  treated  steels.  (37-39). 


HEAD  HARDENING  OF  MICROALLOYED  (NB)  RAIL 
STEELS 

Head  hardening  is  a  method  of  obtaining 
high  strengths  by  induction  heating  or  flame 
heating  of  the  rail  head,  followed  by  air 
quench  and  cooling  by  conduction  into  the 
lower  portion  of  the  rail .  This  method  of 
hardening  can  produce  a  residual  stress  within 
the  head  and  can  be  effective  in  preventing 
the  generation  and  propogation  of  subsurface 
cracks . 

Table  7  shows  the  composition  of  the 
steels  head  hardened  (.005/. 006%  Cb) ,  as  well 
as  the  properties  before  and  after  head 
heardening.  Head  hardening  in  this  work 
increased  the  yield  strength  by  nearly  50%  on 
the  average.  The  tensile  strength  increased 
approximately  30%. 

This  steel  is  readily  voidable  and  has  a 
minimum  of  property  variation  within  the  heat 
affected  zone.  Service  test  indicated 

satisfactory  results  when  last  reported. 
(40-41)  . 


TABLE  7 

MeCkianical  Properties 
Newly  Developed  Steel 

of 

Rails 

C  5  i 

Mn 

Cr 

Mb 

MSI 

.76  .8* 

1  .24 

- 

.006 

N$I  ! 

.76  ,82 

.82 

.49 

.005 

TYPE 

YS 

TS 

ELONG 

RED  A 

NSl 

AS  ROLLED 

608MPa 

109SNPa 

12% 

18% 

NT 

873 

1285 

14 

14 

Nsr  f 

AS  ROLLED 

608 

1127 

14 

19 

NT 

902 

1324 

19 

SO 
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SOMMARY 

While  the  first  century  of  improvements  in 
rail  involved  design  of  the  rail  cross  section 
to  meet  demands  of  a  growing  transportation 
industry,  the  second  century  involved  the 
introduction  of  the  steel  rail  and  its  growth 
in  cross  section  to  meet  increased  weights  and 
speeds  of  an  industry  that  had  spread 
throughout  the  world. 

These  first  few  decades  of  the  third 
century  of  rail  transportation  has  seen 
drastic  reductions  in  rail  line  mileage,  and 
increases  in  car  weights  and  thus  tonnage  over 
the  remaining  trackage.  This  has  brought 
about  minor  cross-section  design  changes  but 
as  previously  mentioned,  increasing  the 
cross-section  volume  is  impractical  with  the 
basic  steel  composition  due  to  the  steel  being 
pushed  beyond  its  limits  of  failure. 

Improvements  in  the  quality  of  steel  can 
improve  the  resistance  to  shelling  (subsurface 
shear),  as  can  a  fine  grain  structure.  Also, 
it  has  been  reported  that  a  snail  amount  of 
ferrite  in  a  continuous  network  can  work  as  a 
crack  blunter.  (42). 

Heat  treatment  was  a  major  improvement  to 
rail  steels,  as  was  the  modification  of  the 
composition,  mainly  through  the  addition  of 
alloy  and  microalloying  elements. 
Individually  these  changes  in  practice  have 
resulted  in  major  improvements  in  rail  life  by 
increasing  the  mechanical  properties  of  the 
steels.  Finer  grain  structures  with  finer 
interlamaller  spacing  such  as  show  in  Figure  9 
have  been  achieved  by  lowering  the  pearlite 
transformation  temperature.  See  Figure  10. 
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Figure  10.  Transtormalion  Temperature  Effects  on  Interlamellar  Spacing 
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While  similar  results  could  be  achieved  by 
controlled  rolling,  rail  steel  processing  and 
rolling  procedures  make  it  impractical  if  not 
impossible . 

Microalloying  by  itself  does  not  appear  to 
be  the  solution  to  rail  steel  requirements. 
It  does  provide  major  improvements  in  the 
presence  of  chrome  as  shown  in  Figure  11 . 
However,  some  of  the  V  steels  reportedly 
require  controlled  cooling  after  heat  treating 
to  avoid  martensite  or  bainite  in  the  HAZ. 
Also,  niobium  solubility  at  the  eutectoid 
carbon  level  is  such  as  to  be  most  beneficial 
as  a  precipitate  in  the  ferrite  lamellae. 
{43-44).  With  molybdenum,  the  microalloying 
elements  must  be  maintained  below  a  level  that 
will  produce  unacceptable  bainite  or 
transition  pearlite  in  the  final 

microstructure . 


FIGURE  9 


GROSS  TRAFFIC,  MGT 

Figure  11.  Wear  Rates  of  Standard  Carbon  and  Alloy  Steel  Rails  on 
a  Three-Degree  (582  m  Radius)  Curve  on  the 
Mt.  Newman  Railway 
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CONCmSIOHS 


7. 


Ibid,  Ref.  3. 


Reported  research  and  field  testing  of 
niobium  and  vanadium  microalloyed  steels  in 
the  last  few  years  is  almost  nil. 

Chrome  and  molybdenym  alloyed  rail  steels 
have  some  acceptance  and  have  been  in 
production. 

The  reduction  in  basic  steel  research  and 
mill  closings,  including  a  number  of  rail 
mills,  along  with  the  downturn  in  the  alloy 
industry,  has  resulted  in  the  redirection  of 
research  and  development  into  areas  of  more 
economic  advantages. 

Improved  steel  quality  along  with  thermal 
treatment  (full  or  head),  appear  to  have  taken 
the  major  share  of  the  rail  steel  market  to 
date . 

From  a  development  standpoint,  the  most 
interesting  work  in  the  last  few  years  is  a 
combination  of  microalloying  and  head 
hardening  of  a  chrome  rail  steel ,  for  maximum 
properties  within  the  most  severly  stressed 
area  of  the  rail.  This  steel  has  excellent 
potential  for  use  on  heavy  haul  trackage. 
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INTRODUCTION 

The  high  grade  of  process  simplification 
inerent  to  the  development  of  microalloy 
ed  steels  for  bolt  making  has  been  explo 
red  by  many  researohes  departaments  in  me 
talworking  industries.  The  main  task  nowa 
day  is  to  outline  all  factors  concerned 
with  cost  reduc''ion  and  quality  reliabi 
lity  to  he  search  from  this  technologycal 
innovation , 

Bolts  with  high  tensile  strength  that 
2 

supersedes  800N/mm  ,  as  specified  by  ISO 
898  and  DIN  267  standards,  can  be  produ 
ced  by  introducing  of  microalloyed  steels 
The  microstructure  of  the  wire  rod  in 
this  material  has  a  fundamental  role  in 
achieving  the  desired  strength,  Dual-pha 
se  halnitic  structure  is  necessary  to  at 
tend  high  strength  levels.  Low  carbon  mi 
croalloyed  steel  with  boron  and  columbium 
is  indicated  for  easier  achieving  these 
requirements . 

In  view  of  this  subject,  the  Siderur 
gica  Nossa  Senhora  Aparecida,  traditional 
special  steelmaker  in  Brazil  and  Metalac, 
high  technologycal  Boltmanufacturer ,  are 
engaged  together  in  the  development  of 
bolts  class  ISO  9.8,  from  a  base  composi 
tion  of  low  carbon-manganese  steel  micro 


alloyed  with  boron  anc  columbium.  The 
subject  matter  of  this  report  is  to  sta 
blish  the  main  parameters  related  with 
microalloyed  steel  bolt  manufacturing  and 
to  evaluate  their  mechanical  properties, 
taking  as  reference  the  conventional  quen 
ched  and  tempered  bolts. 

microalloyed  STEELS  FOR  COLD  HEADING 
BOLTS  -  The  mechanical  properties  of  mi 
croalloyed  steels  usually  are  bzvelcped 
by  controlled  cooling  of  the  wire  rod  at 
the  final  stage  of  rolling.  The  cooling 
conditions  are  adjusted  to  r' remote  very 
fine  particle  precipitation  during  the 
decomposition  of  austenite  (1,2). 

To  select  the  steel  composition  it  is 
worth  note  that  for  low  carbon  grades  the 
columbium  is  more  efficient  than  vanadium 
to  increase  yield  strength  f3). 

Many  published  papers  (1,2, A  to  7) 
shown  that  the  austeno-marter. '-'te  baini 
tic  structure  is  more  adequate  to  develo 
pe  high  tensile  strengths  by  enJd  working. 
The  additions  of  boron  plus  columbium  chan 
ges  the  continuous  cooling  curve  of  the 
low  carbon-manganese  steels  in  away  of 
that  they  retard  the  ferrite-perlite  trans 
formation,  promoting  better  conditionsto 
get  bainitic  structure  by  controlled  coo 
ling,  as  shown  in  figure  1. 
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Figure  1:  Continuous  Cooling  Transforma¬ 
tion  Diagram  for  Cb-B  Mioroal loyed  Steels 
after  Ref.  1. 

Usually,  the  desired  microstructure 
is  obtained  directly  from  rolling,  when 
controlled  cooling  is  availaole  at  the 
finished  rolling  mill  (1,4,6)  Meanwhile, 
identical  characteristics  can  be  achieved 
cy  isotermal  hea t - t r ea tment  in  continuous 
T  u  r  n  a  c  e  . 

Tensile  Strengths  of  about  700-720N/ 

2 

mm  are  required  in  wire  rod  to  produce 

bolts  with  strength  range  from  900  to  1000 
2 

N/mm  by  cold  working  without  quenching 
and  tempering  final  heat  treatment  (1,4, 

6  )  . 

EXPERIMENTAL  PROCEDURES 

PROCESS  ROUTE  FOR  MANUFACTURING  BOLTS 
C.A5S  ISO  9.8  FROM  MICROALLOYED  STEELS  - 
The  selected  material  (AP  15NB22)  was  a 
low  carbon-manganese  microalloyed  steei 
with  the  following  chemical  composition; 


c 

Mn 

P 

s 

Cr 

0.19 

1.62 

0.019 

0.017 

0.10 

A1 

0.032 

Cb 

0.12 

B 

0.0012 

N, 

0 . 0094 

The  heat  was  melting  in  a  eletric  arc 
furnace  of  25t,  degassed  in  a  VD  system, 
and  casting  in  ingots  of  lOt.  The  wire 
rod  in  roundness  size  of  1  '.ARmm  was  pro- 
0  iced  from  billets  of  118m:i  square,  in  a 
looping  mill  with  final  speed  of  5.3 
m/s . 

The  wire  rod  was  heat  'reated  with 
iscihermal  cycle  in  a  continuous  furnace 
(austenitization  temperature  of  950°C  fol¬ 
lowed  by  cooling  in  lead  bath  at  450°C). 

The  wire  rod  was  orawing  to  size  of 
Rd  10.9mm,  coated  with  a  zinc-phosphate 
layer  of  9  up  to  llg/cm‘.  The  oolts  pro¬ 
duced  was  the  type  DIN  912  with  internal 
hexagonal  cili'ndrical  head  ("Socket  Head 
Cap  Screws")  using  a  orcgressive  A-stage 

cold  heading  machine,  aiming  tensile  strength 

2 

lever  from  900  up  to  lOODN/mm  .  Chemical 
oxidation  was  the  final  surface  treatment. 
For  comparison  identical  bolts  of  class 
ISO  10.9  were  manufactured  from  quenched 
and  tempered  SAE  5135  steel  at  hardness 
level  of  33  to  36  Rockwell  C.  In  both  ca¬ 
ses  the  deformation  process  and  the  tools 
used  were  the  same. 

LABORACTORIES  TESTiNG  FOR  EVALUATiNO 
THE  WIRE  ROD  BEHAVIOR  -  First  cf  all, 
the  work-hardening  curves  was  plotted  tc 
determine  the  workability  of  the  material 
under  progressive  drawing  reduction  ra¬ 
tios. 

In  the  same  way.  the  Kf  curve  was 
plotted  to  know  the  material  difficulty 
or  ease  in  forming  operations.  This  is 
required  to  manufacture  a  product  from 
an  unknow  material.  This  can  be  compared 
with  known  materials  using  compressive 


444 


stress-strain  curves  and  the  manufactu¬ 
ring  methods  can  be  rank  in  the  light  of 
experience  with  known  materiais. 

The  microestructure  was  analysed  by 
optical  and  scanning  electron  microscopy. 

MECHANICAL  TESTING  FOR  EV ALUAT ING THE 
BOLTS  PERFORMANCE 

Tensile  Tests  -  Tensile  tests  were 
carried  out  in  the  bolts  in  accordance 
with  the  norme  ISO  898/1  for  measuring 
the  tensile  strength,  yield  stress,  ten¬ 
sile  strength  under  wedge,  elongation, 
impact  in  the  head.  Brinell  hardness  was 
also  measured. 

Torque-Tension  -  Torque-tension  re¬ 
lationships  was  plotted,  using  a  60KN  ma¬ 
ximum  axial  force  machine  and  200Nm  maxi¬ 
mum  torque. 

Fatique  Tests  -  Fatique  tests  were 

performed  in  accordance  with  the  norme 

ISO  3800/1  aiming  to  plot  wohler  curves. 

The  applied  stress  function  was  the  type 

tension-tension  with  median  load  of  23KN 
2 

=  397N/mm  ),  using  five  differents 
amplitudes,  with  a  frequency  of  lOOHz. 
For  each  load  it  was  used  5  specimens  mi¬ 
nimum  . 

EXPERIMENTAL  RESULTS  AND  DISCUSSION 

WIRE  ROD  BEHAVIOR  -  The  figure  2  shows 

the  work  hardening  curves  for  the  AP  15 

NB22  steel.  Tensile  strength  above  than 
2 

900N/mm  are  achieved  v/ith  minimum  reduc¬ 
tion  ratio  of  A0%.  The  material  keeps  high 
ductility  even  increasing  the  tensile 
strength  at  higher  levels.  This  results 
agree  with  previous  paper  (1),  using  steel 
of  similar  composition.  The  wire  rod  has 
an  austeno  martensite  bainitic  structure 
as  refered  in  the  literature  (Figure  3 
and  A )  ( 2) . 

The  Kf  curve  of  the  wire  rod  is  re¬ 
presented  in  figure  5.  It  is  important 


HNO,  -  3%  1000  X 

Figure  3:  Optical  Micrography  Bainite 
Austeno-martensite  in  Wire  Rod  (0  13,49 
mm  =  17/32"  )  . 


Figure  4:  Scanning  Micrography  of  Bainite 
Austeno-martensite  in  wire  rod  (0  13,49 
mm  =  17/32" ) . 

to  consider  that  Kf  =  where  <P  is  the 

true  strain;"a"is  the  stress  strain  for 
=  1;  and  n  is  the  work  hardening  expoent. 
The  work  hardening  expoent  taken  from  this 


ccordance  with  the  norme  ISO 
the  figure  6  the  macrograph 
he  bolts.  The  figures  7  and  8 
that  the  tensile  strength  and 
strength  under  wedge  6°  have 
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MEAN  TENSILE  FORCE  (MTF) :  52,2  KN 
MTF  +  3C'=  53,1  KN 
ITF  -  3{r=  51,2  KN 

Figure  7:  Distribution  cT  Tensile  Force 
for  Bolts  M10X1,5  -  DIN  912  -  AP  15NB22 
Steel . 


I'O  20  30  40  50  50  70  50  90  I 
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TEST  CONDITIONS 

BEARING  SURFACE:  HARDENED  PLATE  (40HRC) 
FINISHED  SURFACE:  R^  =  lOutn 
FREQUENCY:  2  RPM 


Figure  9:  Torque  Tension  Relationship 
for  Bolts  MlOXl.S  DIN  912  -  Black  Oxide 
Surface  Treatment. 
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TENSILE  FORCE  (KN 


MEAN  TENSILE  FORCE  (MTF):  51,9  KN 
MTF  +  3  (T  ^  53,0  KN 
MTF  -  3(r=  50,7  KN 

Figure  8:  Distribution  of  Tensile  Force 
Under  Wedge  6°.  for  Bolts  MIO  X  1,5  - 
DIN  912  -  AP  15NB22  Steel. 


bolts.  From  this  results  can  be  concluded 
that  in  this  case  it  is  necessary  higher 
momentum  when  tight  system  controlled  by 
Torque  is  used.  For  modern  tight  system, 
controlled  by  angle,  this  aspect  is  net 
important . 

The  results  of  fatigue  tests  are  illus¬ 
trated  in  figure  10.  The  behavior  of  micro- 
alloyed  holts  was  better,  even  taking 
into  account  that  the  mean  load  (23  KN) 
used  in  both  cases  was  more  favorable  for 
the  10.9  bolts  that  have  higher  yield  point. 

The  curves  show  the  endurance  limits 
for  microalloyed  bolts  achieve  the  ampli¬ 
tude  of  -  8AN/mm^  for  10^  cycles  while 
for  the  10.9,  in  the  same  contition,  achieve 
-  52N/mm^. 

This  conditions  have  been  attributed 
to  the  effect  of  cold  working  that  results 
in  a  residual  compression  stress  in  the 
root  of  the  thread.  The  figure  11  shows 
the  fiber  texture  that  -is  preserved  due 


I 


the  absence  of  final  heat  treatment. 


CONCLUSIONS 

The  results  of  the  performed  tests  show 


TENSION-TENSION  WITH  LOAD  (Tm  -  (T A 
load  FREQUENCY:  lOOHz-HIDRAULIC  MACHINE 

Figure  10:  Wohler  Diagram  Relationship 
for  Bolts  MlOxl.5  -  DIN  912,  Microalloyed 
AP  15NB22  Steel  and  10.9  Quenched  and 
T  empered . 


Figure  11:  Fiber  Texture  at  the  Root  of 
the  Thread  in  Bolts  9.8  -  AP  15NB22 
Steel . 


that  it  is  possible  to  use  microalloyed 
steels  in  the  manufacturing  of  thesocket 
head  cap  screws  for  the  class  ISO  9.8. 
Although  the  tools  life  was  not  evaluated 
it  can  be  concluded  oy  the  work  hardening 
curve  that  the  behavior  of  this  steel 
will  be  similar  to  the  quenched  and  tem¬ 
pered  bolts.  Using  the  same  argument,  the 
production  of  bolts  class  ISO  10.9  will 
be  possible,  since  the  applied  true  strain 
achieve  ^  =  1.3. 
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ABSTRACT 

One  of  the  important  products  supplied  to  the 
railways  is  a  joint  bar  that  is  used  to  bolt  the 
ends  of  two  rails  together.  For  over  seven 
decades  the  American  Railway  Engineering  Assoc¬ 
iation  (AREA)  has  specified  a  C-Mn  steel  (0.35 
to  0.60%  C  and  1.20%  Mn  max.)  that  is  rolled  to 
section  and  then  heat  treated.  The  heat  treat¬ 
ment,  which  consists  of  an  austenitization  and 
oil  quench,  is  aimed  at  developing  a  ferrite/ 
pearlite  microstructure  with  a  yield  strength 
above  70  ksi,  a  tensile  strength  above  100  ksi, 
as  well  as  adequate  tensile  and  bend  ductility. 
In  order  to  provide  a  lower-cost  product  with 
mechanical  properties  at  least  equivalent  to  the 
current  q'  cached  product,  we  initiated  work  to 
develop  an  as-rolled  microalloyed  joint  bar.  A 
small  laboratory  program  was  conducted  to 
develop  the  composition  best  suited  to  the 
thermomechanical  treatment  available  on  the  ?0" 
mill  at  the  Steelton  Plant.  This  study  showed 
that  a  C-Mn-V-N  grade  could  be  hot-rolled  to 
develop  the  desired  mechanical  properties. 
Subsequent  mill  trials  demonstrated  that  similar 
results  could  be  obtained  consistently  in  the 
production  environment.  Testing  of  rail 
assemblies  incorporating  the  new  microalloyed 
joint  bar  is  now  in  progress  and,  if  successful, 
should  provide  more  widespread  application  of 
this  new  technology. 


JOINT  BAR  IS  USED  BY  RAILWAYS  to  join  the  ends 
of  two  rails  together  (Figure  1),  and  provides 
both  structural  and  electrical  conductivity  for 
the  rail  system.  For  over  75  years,  either  an 
as-rolled  or  oil-quenched  C-Mn  steel  has  been 
used  for  this  application  [1-3].  The  current 
American  Railway  Engineering  Association  (AREA) 
specifications  require  a  minimum  carbon  content 
of  0.65%  for  an  as-rolled  joint  bar,  and  mandate 
a  minimum  tensile  strength  of  85  ksi  and  15% 
total  elongation  for  this  product.  For  the  oil- 


quenched  joint  bar  the  specification  requires  a 
carbon  content  between  0.35%  and  0.60%,  and  a 
manganese  content  less  than  1.20%.  AREA  spec¬ 
ifications  for  the  heat  treated  product  require 
a  70  ksi  minimum  yield  strength,  a  100  ksi 
minimum  tensile  strength,  a  12%  minimum  total 
elongation,  a  25%  minimum  reduction  in  area  and 
no  cracking  in  a  90“  minimum  bend  test  (all 
tests  are  longitudinal).  Today,  the  oil- 
quenched  joint  bar  is  more  widely  used  by  the 
railways  because  of  its  higher  strength  and 
better  toughness  than  the  as-rolled  joint  bar 
[4].  The  typical  composition  of  quenched  joint 
bar  is  0.45%  C  and  0.60%  Mn,  and  the  product  is 
usually  silicon-aluminum  killed.  With  this 
composition,  the  microstructure  after  quenching 
in  oil  is  fine  pearlite  with  some  proeutectoid 
ferrite  at  the  prior  austenite  grain  boundaries. 
The  rails  to  which  the  joint  bar  is  attached  are 
fully  pearlitic. 

In  an  effort  to  reduce  manufacturing,  and 
hence  final  product  cost,  it  was  decided  to 
evaluate  the  feasibility  of  producing  an  as- 
rolled  joint  bar  with  properties  equivalent  to 
the  current  quenched  joint  bar.  Such  processing 
would,  of  course,  eliminate  the  heat  treatment 
operation.  In  order  to  develop  an  optimum 
property  combination,  it  was  felt  to  be  neces¬ 
sary  to  look  beyond  current  AREA  compositional 
specifications  and  evaluate  the  benefits  of 
lower  carbon  and  higher  manganese  levels  on 
properties,  particularly  ductility  and  notch 
toughness.  Although  there  are  no  AREA  specifi¬ 
cations  for  toughness,  the  railways  are  becoming 
more  concerned  about  the  toughness  of  both  joint 
bar  and  rail  in  general.  Two  approaches  were 
undertaken:  (1)  to  develop  an  as-rolled  joint 
bar  within  the  compositional  limits  of  the  AREA 
specifications,  and  (2)  to  develop  a  lower 
carbon,  higher  manganese  composition  with  im¬ 
proved  properties.  Microalloying  is  required  in 
both  approaches  to  compensate  for  the  loss  in 
strength  in  going  from  the  as-quenched  condition 
to  an  as-rolled  condition  and,  in  the  latter 
case,  going  to  a  lower  carbon  content. 
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Because  of  the  thermomechanical  processing 
cycle  for  joint  bar  production  on  Steelton*s  20" 
mill,  where  finishing  temperatures  are  typically 
in  excess  of  1800°F,  vanadium  was  the  microal¬ 
loying  element  of  choice.  In  addition,  nitrogen 
levels  were  increased  to  the  range  of  150-200 
ppm  to  increase  the  intensity  of  precipitation 
hardening  by  the  precipitation  of  vanadium 
carbonitride  [5,6]  during  air  cooling  of  the 
joint  bar  after  hot  rolling. 

The  alloy  development  program  involved; 
(1)  simulating  production  hot  rolling  in  the 
laboratory,  and  (2)  conducting  a  mill  trial  of 
the  optimum  alloy  developed  in  the  laboratory 
simulation.  The  details  of  the  program  are 
described  below. 

EXPERIMENTAL  PROCEDURE 

LABORATORY  SIMULATION  -  500  lb  air-induc¬ 
tion  melted  Ingots  of  three  different  micro- 
alloyed  compositions  were  produced  for  the 
laboratory  simulation.  The  C-Mn-V-N  composi¬ 
tions  are  listed  in  Table  I.  The  composition 
MAI  represents  the  same  carbon  level  as  the 
current  joint  bar  but  with  higher  manganese 
(0.15%  above  the  maximum  allowed  by  AREA).  The 
vanadium  and  nitrogen  levels  were  0.11%  and 
0.019%,  respectively.  Composition  MA2  repre¬ 
sents  a  carbon  level  near  the  low  end  of  the 
AREA  specification  limit  and  a  manganese  near 
the  high  end  of  the  specification  limit.  The 
vanadium  and  nitrogen  contents  were  0.16%  and 
0.018%,  respectively.  Composition  MA3  repre¬ 
sents  a  lower  carbon,  higher  manganese  version 
with  both  elements  outside  the  AREA  specifica¬ 
tion.  The  vanadium  and  nitrogen  contents  of 
this  steel  were  0.17%  and  0.016%,  respectively. 
In  all  cases,  the  vanadium  and  nitrogen  levels 
were  adjusted  to  provide  the  degree  of  precipi¬ 
tation  strengthening  required  to  compensate  for 
any  loss  in  yield  and  tensile  strength  due  to 
adjustments  in  carbon  and  manganese  (and  hence  a 
reduced  pearlite  volume  fraction).  While  the 
vanadium  and  nitrogen  levels  should  ensure 
complete  solubility  of  vanadium  nitride  above 
1900°F,  aluminum  nitride  solubility  also  had  to 
be  considered  [7].  Evaluation  of  the  rolling 
practices  on  Steelton's  20"  mill  showed  that 
there  was  significant  variation  in  bloom  reheat¬ 
ing  temperature,  with  temperatures  as  low  as 
2150°F  being  possible.  At  2150°F,  AIN  precipi¬ 
tates  should  only  be  completely  soluble  in  steel 
MA3.  In  contrast,  in  both  MAI  and  MA2 ,  some  AIN 
should  remain  undissolved  at  2150°F,  leaving 
only  about  0.012%  and  0.017%  N,  respectively, 
available  for  subsequent  precipitation  as 
V(C,N).  Of  course,  higher  reheat  temperatures 
will  increase  the  amount  of  dissolved  nitrogen 
in  both  steels  MAI  and  MA2. 

The  500  lb  ingots  were  Initially  hot-rolled 
to  4"  thick  plates.  These  plates  were  then  re¬ 
heated  to  2150°F  for  4  hours  (to  simulate  lowest 
possible  commercial  reheating  temperature)  and 
hot-rolled  in  5  passes  to  1.38"  thick  plate. 
Finishing  temperatures  ranged  from  1840  to 


1875°F  followed  by  air  cooling.  The  soaking  and 
finishing  temperatures  were  typical  of  those 
used  in  production.  The  5-pass  rolling  schedule 
simulated  the  production  rolling  of  the  head  of 
the  joint  bar,  which  has  an  average  final  thick¬ 
ness  of  1.38".  The  5  passes  represented  reduc¬ 
tions  of  20,  25,  16,  22  and  16%,  respectively. 

PRODUCTION  ROLLING  -  After  the  results  of 
the  laboratory  rollings  had  been  evaluated  and 
discussed,  a  10-ton  electric  arc  furnace  heat 
was  produced  with  a  C-Mn-V-N  composition  listed 
in  Table  II.  This  composition  was  designed  for 
an  optimum  combination  of  strength,  ductility 
and  toughness,  and  while  it  is  generally  similar 
to  the  low-carbon,  high-manganese  steel  evalu¬ 
ated  in  the  laboratory  (experimental  composition 
MA3) ,  the  carbon,  manganese  and  silicon  levels 
of  the  10-ton  heat  are  somewhat  higher  than 
those  of  experimental  composition  MA3.  In  addi¬ 
tion,  the  vanadium  content  of  the  VO-toii  heat 
was  lower  than  the  laboratory  heat  MA3  (0.13% 
vs.  0.17%). 

The  10-ton  ingot  was  broken  down  on  Steel- 
ton's  44"  mill  to  produce  eight  rectangular 
blooms  10"  X  7-3/4"  in  the  cross-section.  The 
blooms  were  then  reheated  (average  temperature 
of  2375°F)  and  rolled  into  90'-long  joint  bar 
sections  on  Steelton's  20"  mill.  The  finishing 
temperature  of  the  eight  microalloyed  joint  bar 
sections  ranged  from  1885  to  1970°F.  The  eight 
microalloyed  blooms  were  hot-rolled  in  a 
production  run  of  current  C-Mn  joint  bar,  and  no 
changes  in  hot  rolling  practices  were  mandated 
for  the  microalloyed  grade.  The  as-rolled  C-Mn 
joint  bar  was  finished  at  1870  to  1995°F. 
Samples  of  the  microalloyed  and  C-Mn  joint  bars 
were  taken  at  the  hot  saw  and  tested  and  the  re¬ 
sults  compared  with  those  of  the  C-Mn  product 
after  subsequent  heat  treatment. 

PRODUCTION  HEAT  TREATMENT  -  The  current 
oil-quenched  C-Mn  joint  bar  is  produced  by  hot- 
rolling  the  composition  (typical)  listed  in 
Table  II  on  the  Steelton  20"  mill.  The  as- 
rolled  sections  are  then  cut  into  lengths  of 
approximately  36"  to  39",  and  subsequently 
placed  into  an  austenitizing  furnace  for  4  hrs 
at  1800°F.  Upon  removal  from  the  furnace,  holes 
and/or  slots  may  be  punched  into  the  joint  bar, 
depending  upon  customer  requirements;  some 
customers  cold-drill  the  joint  bar.  The  hot 
bars  are  also  slightly  reshaped  to  correct  for 
any  distortion  from  the  austenitizing  cycle,  and 
then  are  quenched  into  hot  oil  (100  to  160°F)  to 
develop  the  required  mechanical  properties. 

MECHANICAL  PROPERTY  MEASUREMENT  - 

Testing  -  Two  standard  0.505"  diameter 
tensile  specimens,  12  full  size  Charpy  V-notch 
bars,  and  a  1/2"  square  x  8"  long  bend  test  were 
machined  from  each  laboratory  plate,  from  the 
head  of  a  microalloyed  joint  bar  representing 
the  middle  portion  of  each  bloom,  from  the  head 
of  as-rolled  C-Mn  joint  bar  prior  to  heat 
treatment  and  from  the  head  of  the  same  bars 
after  heat  treatment.  All  samples  were  taken 
longitudinally,  and  tests  were  run  according  to 
standard  test  procedures  approved  by  the  AREA, 
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Metallographic  Analysis  -  Metallographic 
specimens  were  machined  from  the  laboratory 
plates  and  from  the  head  of  both  microalloyed 
and  oil-quenched  joint  bars.  Specimens  were 
also  taken  from  the  as-rolled  C-Mn  joint  bar 
prior  to  the  heat  treating  operation.  Micro¬ 
structures  were  examined  and  the  percent 
pearlite  measured  in  all  cases. 

RESULTS 

LABORATORY  SIMULATIONS  -  The  mechanical 
properties  of  the  three  experimental  as-rolled 
C-Mn-V-N  compositions  are  listed  in  Table  III 
compared  to  AREA  specifications  for  this 
product.  Full  Charpy  curves  for  these  steels 
are  shown  in  Figure  2.  The  two  lower  carbon 
versions  (MA2  and  MA3)  met  the  AREA  minimum 
specifications  whereas  the  normal  carbon 
(0.45%),  higher  manganese  (1.35%)  version  failed 
to  meet  the  minimum  total  elongation,  reduction 
in  area  and  bend  test  requirements.  The  duc¬ 
tility  and  notch  toughness  of  the  0.25%  carbon, 
1.40%  manganese  (code  MA3)  steel  far  exceeded 
those  of  the  higher  carbon  steels. 

The  microstructures  of  the  experimental 
C-Mn-V-N  steels  are  shown  in  Figure  3.  The 
steels  are  all  f errite/pearlite  aggregates  with 
the  ferrite  volume  fraction  increasing  with 
decreasing  carbon  content  (e.g.,  there  is  10% 
ferrite  in  MAI,  28%  ferrite  in  MA2  and  52% 
ferrite  in  MA3) .  This  increase  in  ferrite  con¬ 
tent  is  felt  to  be  largely  responsible  for  the 
increase  in  ductility  with  decreasing  carbon 
level.  To  meet  the  30  ksi  spread  between  yield 
and  tensile  strength  for  this  product,  a  micro¬ 
structure  with  about  50%  pearlite  is  necessary. 

In  view  of  the  good  combination  of  proper¬ 
ties  in  composition  MA3,  a  mill  trial  was  con¬ 
ducted  with  a  slightly  modified  composition 
(lower  V,  higher  Mn) .  The  results  of  the  mill 
trial  are  discussed  in  the  following  section. 

PRODUCTION  ROLLING  -  The  mechanical  proper¬ 
ties  of  the  microalloved  joint  bar  prorossed  in 
the  mill  trial  are  llsteu  in  labie  iV,  along 
with  properties  of  the  current  joint  bar,  in 
both  the  as-rolled  and  oil-quenched  conditions. 
Full  Charpy  curves  for  these  three  conditions 
are  shown  in  Figure  4.  As  can  be  seen,  the 
microalloyed  joint  bar  had  a  somewhat  better 
combination  of  properties  than  the  oil-quenched 
joint  bar.  The  tensile  ductility  (%TE  and  %RA) 
of  the  microalloyed  joint  bar  was  higher  than 
the  oil-quenched  joint  bar,  even  at  a  higher 
yield  strength.  Further  adjustments  in  composi¬ 
tion  (e.g.  lower  V  and  N  contents)  would  reduce 
the  yield  strength  to  a  level  similar  to  tho 
oil-quenched  product  with  some  concomitant 
improvement  in  ductility.  The  notch  toughness 
levels  of  the  microalloyed  and  oil-quenched 
joint  bar  are  comparable  with  Indications  of  a 
higher  shelf  energy  for  the  microalloyed  joint 
bar . 

Typical  microstructures  for  the  microal¬ 
loyed  and  C-Mn  (as-rolled  and  oil-quenched 
conditions)  joint  bars  are  shown  in  Figure  5. 
Again,  in  all  cases  the  structures  are  mixtures 


of  ferrite  and  pearlite.  The  microalloyed  joint 
bar  contains  43%  ferrite,  whereas  the  oil- 
quenched  C-Mn  joint  bar  contains  15%  ferrite, 
and  the  as-rolled  C-Mn  joint  bar  10%  ferrite. 

DISCUSSION 

The  results  of  this  limited  investigation 
demonstrate  that  the  current  oil-quenched  C-Mn 
joint  bar  can  be  replaced  with  a  lower  carbon, 
higher  manganese,  microalloyed  joint  bar  with 
comparable  strength  and  somewhat  improved  ten¬ 
sile  ductility  and  notch  toughness.  While  the 
oil-quenched  joint  bar  derives  its  properties 
primarily  from  a  high  volume  fraction  of  fine 
pearlite,  the  microalloyed  joint  bar  has  a  more 
balanced  f errite/pearlite  structure.  Instead, 
V(C,N)  precipitation  is  used  to  offset  the  loss 
in  strength  resulting  from  a  reduced  pearlite 
volume  fraction.  The  substitution  of  precipita¬ 
tion  strengthening  for  strengthening  by  pearlite 
is  responsible  for  the  improved  ductility  and 
toughness  of  the  microalloyed  joint  bar. 

The  advantages  of  substituting  a  microal¬ 
loyed  joint  bar  for  an  oil-quenched  joint  bar 
are:  (1)  improved  property  consistency, 

(2)  potentially  lower  production  costs,  and 

(3)  improved  ductility/toughness .  The  better 
consistency  is  derived  from  the  inherent  consis¬ 
tency  of  an  as-rolled  product  vs.  an  austeni¬ 
tized  and  oil-quenched  product.  The  composition 
of  the  microalloyed  joint  bar  has  been  designed 
to  be  relatively  insensitive  to  normal  day  to 
day  variations  in  hot  rolling  practices.  For 
example,  in  the  present  trial,  although  finish¬ 
ing  temperatures  for  the  eight  bars  varied  by 
about  100°F,  there  was  little  change  in  the 
properties  from  bar  to  bar.  With  heat  treat¬ 
ment,  there  are  more  processing  variables  to 
control,  such  as  austenitization  time  and  tem¬ 
perature,  transfer  time  expended  between  the 
austenitization  furnace  and  the  quench  and  the 
oil  temperature  heat-up  during  an  extended 
operation.  Consequently,  from  a  production 
viewpoint,  the  processing  of  a  microalloyed 
joint,  requiring  only  normal  hot  rolling,  should 
provide  an  inherently  more  consistent  product. 

The  lower  production  costs  derive  from  the 
elimination  of  a  labor-intensive  heat  treating 
operation.  However,  eliminating  the  heat  treat¬ 
ing  operation  also  makes  it  impossible  to  hot- 
punch  holes/slots  in  the  joint  bar.  Instead, 
holes/slots  will  have  to  be  milled  or  drilled. 
Currently  most  producers  of  finished  joint  bars 
have  the  capability  of  drilling  holes  or  milling 
slots  at  their  facilities  and,  in  many  cases, 
routinely  dritl/mill  cold  joint  bar. 

The  improved  ductility /toughness  of  the 
microalloyed  joint  bar  may  also  be  useful  to  the 
railways.  Neither  joint  bar  nor  rail  has  cur¬ 
rent  toughness  specifications.  However,  the 
railways  have  expressed  some  concerns  about 
toughness  of  trackwork  and  may  eventually  imple¬ 
ment  toughness  requirements.  With  an  as-rolled, 
microalloyed  joint  bar,  conceivably  the  composi¬ 
tion  could  be  further  modified  to  obtain  addi¬ 
tional  improvements  in  tensile  ductility  and 
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notch  toughness.  On  the  other  hand,  the  current 
oil-quenched  joint  bar  needs  the  high  volume 
fraction  of  pearlite  to  maintain  the  high 
strength  levels  required  by  AREA.  However,  the 
toughness  of  f errite/pearlite  steels  is  reduced 
as  the  volume  fraction  of  pearlite  increases 
[8]  .  This  means  that  the  current  oil-quenched 
joint  bar  has  little  chance  for  an  improved 
ductility/toughness  combination,  if  present 
strength  levels  are  to  be  maintained. 

SUMMARY 

The  current  oil-quenched  C-Mn  joint  bar  can 
be  replaced  with  an  as-rolled  microalloyed  joint 
bar  with  an  improved  combination  of  properties. 
The  microalloyed  joint  bar  has  the  advantage  of 

(1)  improved  property  consistency,  (2)  lower 
production  costs,  and  (3)  improved  tensile  duc¬ 
tility  and  notch  toughness.  With  the  future 
trends  to  upgrade  the  properties  and  quality  of 
trackwork  economically,  a  microalloyed  joint  bar 
may  eventually  replace  the  current  joint  bar 
because  of  these  advantages. 
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Table  I.  Chemical  Composition  of  Experimental  Microalloyed  Joint  Bar 


* 


Code 

C 

Mn 

P 

S 

Si 

V 

A1 

N 

5isol- 

MAI 

0. 

,46 

1.35 

0.022 

0.016 

0.30 

0.11 

0.035 

0.019 

0.012 

MA2 

0. 

.38 

1.18 

0.010 

0.008 

0.25 

0. 16 

0.017 

0.018 

0.017 

MA3 

0. 

.25 

1.40 

0.010 

0.010 

0.22 

0.17 

0.010 

0.016 

0.016 

*  Calculated  amount  of  nitrogen  in  solution  on  reheating  at  2150°F  [7] 


Table  II.  Chemical  Composition  of  Production  Joint  Bar 


Code 

C 

Mn 

P 

S 

Si 

V 

N 

Microalloyed 

0.27 

1.65 

0.021 

0.020 

0.32 

0.13 

0.022 

0.017 

C-Mn 

0,50 

0.92 

0.023 

0.014 

0.23 

<0.003 

0.018 

0.009 

Table  III.  Mechanical  Properties  of  Experimental  Microalloyed  Joint  Bar 


Code 

Carbon, 

% 

Yield 

Strength, 

ksi 

Tensile 

Strength, 

ksi 

Total 

Elongation 

% 

MAI 

0.46 

90.7 

135.8 

11.8 

MA2 

0.38 

91.1 

132,2 

14.5 

MA3 

0,25 

87.1 

118.5 

18.3 

AREA  Specification 

70  min 

100  min 

12%  min 

Reduction 
in  Area, 

% 

90° 

Bend 

Test 

Charpy 
Energy 
@  RT 
ft-lb 

15  ft-lb 
Transition 
Temp,,  °F 

Upper 

Shelf 

Energy 

ft-lb 

23.7 

Failed 

8 

175 

35 

36.5 

Passed 

8 

150 

44 

45.9 

Passed 

24 

25 

73 

25%  min 

Pass 

_ 

- 
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Table 

IV.  Mechanical  Properties  of 

Production 

Joint  : 

Bar 

Charpy 

Upper 

Yield 

Tensile 

Total 

Reduction 

90° 

Energy 

15  ft-lb 

Shelf 

Strength, 

Strength, 

Elongation 

in  Area, 

Bend 

@  RT 

Transition 

Energy 

Code 

Condition 

ksl 

ksi 

% 

% 

Test 

ft-lb 

Temp. ,  °F 

ft-lb 

Microalloyed 

as-rolled 

91.1 

124.3 

20.6 

55.1 

passed 

20 

50 

70 

C-Mn 

oil-quenched 

86.1 

128.5 

19.4 

48.4 

passed 

20 

45 

53 

C-Mn 

as-rolled 

58.4 

113.6 

18.9 

38.3 

Passed 

7 

155 

39 

For  the  microalloyed 

joint  bar 

,  the  data 

represents 

the  average 

of  8  rolled 

sections, 

and  for 

the  C-Mn  bar  the  average  of  : 

2  sections. 

^0 
..v/  ’ .  -fi 


Figure  1. 

Photo  (above)  shows  placement  of  a  joint  bar  on 
a  railway  track.  Joint  bar  bolting  arrangement 
is  shown  in  cross-sectional  view  in  diagram  on 
the  left. 
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As-Rolled,  C-Mn 
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THE  INFLUENCE  OF  VANADIUM  AND 
COLUMBIUM  ON  THE  INDUCTION 
HARDENABILITY  OF  STEEL 
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Ft.  Wayne,  Indiana,  USA  Massillon,  Ohio,  USA 


ABSTRACT 

Vanadium  and  columbium  are  commonly  used  in 
microalloyed  steels  to  improve  strength. 
These  elements  are  also  sometimes  used  as 
grain  refiners  in  place  of  aluminum.  This 
paper  takes  a  look  at  the  effect  of  these  two 
elements  on  induction  hardening.  Several 
experimental  heats  were  melted,  rolled  into 
bar,  and  induction  hardened  under  constant 
parameters.  The  results  indicate  that  both 
elements  have  a  negative  effect  on  induction 
hardenability ,  and  that  columbium  has  by  far 
the  greatest  effect. 


Vanadium  and  columbium  can  be  used  in  steels 
both  as  microalloying  elements  and  as  grain 
refiners.  Vanadium  is  known  to  increase 
Jominy  hardenability  as  can  be  seen  by  compar¬ 
ing  6100  series  steels,  containing  vanadium, 
to  5100  series  steels,  without.  However,  the 
effect  of  these  two  elements  on  induction 
hardenability  is  relatively  unknown.  Compared 
to  furnace  hardening,  the  solution 
(austenitization)  time  for  induction  hardening 
is  extremely  short.  The  solution  time  for 
induction  hardening  is  usually  only  a  matter 
of  seconds  and  in  some  cases  may  be  only  a 
fraction  of  a  second.  Since  both  vanadium  and 
columbium  readily  combine  with  carbon,  it  was 
felt  they  may  have  a  negative  effect  on 
induction  hardening  or  induction 
hardenability. 

To  look  at  the  effects  of  these  elements, 
several  laboratory  heats  were  melted,  hot 
rolled,  machined,  and  Induction  hardened.  The 
first  series  of  heats  is  shown  in  figure  1. 
They  are  basically  variants  of  SAE  1040,  1140, 
and  1137;  some  with  vanadium,  and  some  with 
columbium.  These  heats  were  rolled  into 
1.125"  diameter  bars  and  then  turned  down  to  a 
1.000"  diameter  prior  to  Induction  hardening. 
Hardening  was  done  on  a  ten  kilocycle  solid 
state  induction  unit  with  all  conditions  held 
constant  except  for  the  scan  rate  which  was 


run  at  30  sec. /ft.,  27  sec. /ft.,  and  24 

sec. /ft.  for  each  heat  or  group.  The  induc¬ 
tion  hardening  results  are  shown  in  figure  2. 
The  case  depth  on  the  diameter  is  measured  ’n 
terms  of  effective  case,  which  is  depth  below 
the  surface  to  40  RC;  and  total  case,  which  is 
depth  to  20  RC  or  the  total  visual  heat 
affected  zone  if  the  core  is  20  RC  or  harder. 
Looking  at  heats  167 ,  169  and  170  which  all 
have  the  same  chemistry  except  for  vanadium 
and  columbium,  we  can  see  that  for  constant 
induction  hardening  parameters  .06  vanadium 
reduces  the  effective  case  depth  by  about  15 
percent  while  .03  columbium  reduces  it  by  35 
percent . 

Figure  3  shows  the  ideal  diameter  calcu¬ 
lations  for  the  heats  based  on  the  Grossman 
method.  Manganese  was  adjusted  in  each  case 
for  sulphur.  Since  manganese  combines  with 
sulphur  in  a  ratio  of  1.7:1,  1.7  times  the 

percent  of  sulphur  was  subtracted  from  the 
manganese  and  called  the  adjusted  manganese. 
Also  shown  is  the  carbon  content  and  the 
effective  case  for  each  heat  at  a  scan  rate  of 
30  sec. /ft.  Figure  4  shows  a  plot  of  the 
ideal  diameter  versus  effective  case  depth. 
From  this  we  can  see  that  the  heats  with 
vanadium  and  columbium  definitely  have  a  lower 
case  depth  for  the  same  ideal  diameter, 
especially  at  deeper  case  depths.  Of  course, 
hardenability  is  also  dependent  on  the  carbon 
content,  which  is  quite  similar  for  many  of 
these  heats . 

Figure  5  shows  a  second  series  of  heats 
that  were  melted.  All  conditions  were  the 
same  as  the  previous  series  except  these  heats 
were  aluminum  deoxidized,  which  is  more 
typical  of  ingot  cast  fine  grained  practice, 
and  there  was  an  intermediate  reheat  during 
hot  rolling.  These  heats  are  based  on  1137 
and  1141  with  varying  amounts  of  sulphur  and 
vanadium.  One  heat  also  has  .01  titanium  and 
one  has  .11  aluminum.  Again,  figure  6  shows 
the  adjusted  manganese  and  ideal  diameter,  as 
well  as  the  carbon  content  and  other  addi¬ 
tions  . 
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Figure  7  shows  the  ideal  diameter  versus 
effective  case  depth  in  graphical  form.  Unlike 
the  previous  series  of  heats,  there  dees  not 
appear  to  be  a  decrease  in  case  depth  or  induc¬ 
tion  hardenability  with  vanadium.  The  heats 
with  vanadium  actually  have  better  induction 
hardenability  than  those  without.  It  appears 
.03 -.04  aluminum  counteracts  the  negative 
induction  hardenability  effect  of  vanadium.  By 
increasing  the  aluminum  beyond  .03-. 04  the  in¬ 
duction  hardenability  increases  further.  For  ex¬ 
ample,  heat  A401  with  .11  aluminum  had  a  deeper 
case  depth  for  its  ideal  diameter  than  any  other 
heat.  However,  the  as  rolled  or  air  cooled 
hardness  of  this  bar  was  also  low  compared  to 
the  other  raicroalloyed  bars.  Too  much  aluminum 
may  diminish  the  strengthening  effect  of  the 
vanadium  in  the  air  cooled  hot  rolled  condition. 

From  a  more  practical  standpoint,  three 
different  trials  of  microalloyed  steels  were 
made  into  actual  forgings  and  induction  hard¬ 
ened.  The  component  used  was  a  front  yoke  shaft 
for  a  four  wheel  drive  light  truck  which  is 
shown  in  figure  8.  Shown  on  the  left  of  the 
figure  is  the  forging  which  is  normally  made 
from  SAE  1040  or  1137  steel  and  quench  and 
tempered  to  229-269  Brinell  harc'.ness.  Essen¬ 
tially,  the  part  is  quench  and  temper'^d  to 
strengthen  the  yoke  ears.  Ne.xt,  the  part  is 
machined  and  the  spline  is  rolled,  which  is 
shown  in  the  center  of  figure  8.  Finally  the 
shafi  portion,  shown  on  the  right  of  the  figure, 
is  induction  hardened  to  provide  the  neces.sary 
torsional  strength.  It  was  hoped  char  by 
changing  to  a  microalloyed  .steel,  the  part  could 
be  air  cooled  from  the  forging  temperature  to 
the  desired  hardness  and  the  quench  and  the 
temper  operation  could  be  eliminated. 

Three  different  grades  of  microalloyed 
steels  were  u  .ed  for  this  forging.  They  are  SAE 
1141  with  columbium,  SAE  1541  with  vanadium  and 
SAE  1137  with  vanadium.  The  compositions  are 
shown  in  figure  9.  All  parts  were  forged 
between  2100-2350  F  and  still  air  cooled  into 
Che  229-269  BHN  range,  although  the  1541  V  was 
at  Che  top  end  of  the  range  or  slightly  over. 

The  1141  Cb  was  induction  hardened  and 
tested  first.  With  1141  Cb  the  required  case 
depth  of  .160"  effective  and  .270"  total  was 
difficult  to  consistently  obtain.  Also,  there 
was  considerable  variation  in  case  depth  from 
piece  to  piece.  The  outer  case  was  martensite 
with  ferrite  and  bainite  at  the  grain  boundaries 
rather  than  the  normal  all  martensitic  struc¬ 
ture.  This  abnormal  microstructure  was  some¬ 
thing  that  had  not  showm  up  on  the  hot  rolled 
bars  before,  probably  because  of  the  different 
thermal  history.  The  grain  size  rn  Che  forgings 
was  approximately  ASTM  #3  while  that  of  the  bars 
was  approximately  ASTM  #8.  Fully  reversed 
torsional  fatigue  testing  on  these  shafts  gave 
results  well  below  historic  and  the  failure  mode 
was  intergranular.  However,  rehardening  these 
shafts  a  second  time  brought  the  case  depth  and 
fatigue  life  into  normal  limits.  Also,  after 
rehardening  the  case  was  completely  martensitic. 

The  1137V  shafts  were  forged  and  tested 
next.  The  1137  V  steel  results  were  somewhat 
.similar  to  the  1141  Cb  except  not  to  the  same 
degree.  The  case  depth  did  meet  specification 
however,  the  case  microstructure  was  still  not 


completely  martensitic.  The  fatigue  life  was 
within  historic  limits  but  at  the  low  end. 

The  1541  V  results  were  considerably 
different.  Case  depths  were  more  consistent. 
The  case  microstructures  were  fully  martensitic, 
and  the  fatigue  results  were  well  within  histor¬ 
ic  limits.  Several  differences  exist  between 
the  1541  V  and  the  other  two  steels.  First,  the 
hardenability  was  higher.  The  ideal  diameter  of 
the  1541  V  was  1.82"  compared  to  1.59”  for  the 
1141  Cb  and  1.37"  for  the  1137  V.  Second,  the 
1541  V  contained  aluminum.  And  last,  the  1541  V 
was  not  resulphurized. 

As  of  this  writing  a  fourth  forging  trial 
is  underway  with  a  grade  of  1137  V  with  ,087 
aluminum.  Like  the  previous  steels,  it  did  air 
cool  into  the  229-269  Brinell  hardness  range. 
In  this  forging,  the  aluminum  did  not  appear  to 
detract  from  the  air  cooled  hardness.  The  yoke 
shafts  have  been  machined  and  induction  hard¬ 
ened.  This  time  induction  hardenability  was 
greatly  improved.  The  shafts  were  overcased 
when  run  on  the  same  set  up  as  the  production 
parts.  The  power  had  to  be  reduced  to  bring  the 
case  depth  back  into  range.  However,  when  this 
was  done  the  problem  of  ferrite  and  bainite  at 
the  prior  austenite  boundaries  in  the  case 
showed  up  again  (figure  10). 

Several  conclusions  can  be  drawn  from  this 

data : 

(1)  Vanadium  and  columbium  both  reduce 
induction  hardenability.  However, 
columbium  is  much  more  potent  in  doing 
so.  With  a  typical  1040  steel  .06 
vanadium  reduces  the  hardenability 
about  15  percent  while  .03  columbium 
reduces  it  about  35  percent.  The 
actual  reduction  on  other  steels  will 
depend  on  the  ideal  diameter  and  the 
amount  of  vanadium  or  columbium. 

(2)  Aluminum  in  the  amount  of  .03  or 
.Oc  percent  appears  to  counteract  the 
reduction  in  induction  hardenability 
a.rsociated  with  vanadium.  With  this 
aluminum  content  this  induction  harden¬ 
ability  of  steels  containing  vanadium 
is  actually  better  than  those  with  no 
vanadium.  Further  increases  in  alumi¬ 
num  can  further  improve  the  induction 
hardenability  over  normal  steels. 
However,  under  specific  rolling  condi¬ 
tions  or  thermal  histories  high  alumi- 
nun  (.11)  may  reduce  the  strengthening 
effect  of  vanadium. 

(3)  With  certain  thermal  histories 
such  as  in  forging,  vanadium  or  colura- 
bium  steels  can  meet  induction  case 
depth  and  hardness  specifications,  but 
have  inferior  case  microjtructures . 

These  microstructures  may  contain 
ferrite  and  bainite  at  the  grain 
boundaries  rather  than  all  martensite. 

This  has  been  shown  to  be  detrimental 
to  torsional  fatigue  life.  It  does 
appear  the  tendency  to  form  these 
abnormal  microstructures  may  be  related 
to  the  idea]  diameter  and/or  resulphur- 
ization . 
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HEAT 


NO. 

C 

Mn 

P 

S 

Si 

Al 

N 

V 

Cb 

HB 

A- 160 

.38 

.84 

.015 

.023 

.23 

.002 

.008 

— 

— 

187 

A-161 

.39 

.79 

.018 

.024 

.25 

.001 

.008 

— 

— 

179 

A- 162 

.43 

.77 

.018 

.024 

.25 

.001 

.008 

— 

— 

192 

A- 163 

.43 

.89 

.016 

.024 

.25 

.004 

.008 

— 

— 

192 

A- 164 

.35 

1.47 

.016 

.10 

.28 

.002 

.009 

— 

— 

197 

A- 165 

.36 

1.50 

.016 

.10 

.25 

.003 

.008 

.065 

— 

229 

A-166 

.39 

1.48 

.015 

.10 

.25 

.004 

.008 

— 

.031 

217 

A- 167 

.39 

.90 

.017 

.10 

.24 

.004 

.008 

— 

— 

174 

A- 168 

.38 

.90 

.014 

.10 

.25 

.003 

.009 

— 

— 

167 

A- 169 

.39 

.90 

.018 

.10 

.24 

.002 

.008 

.061 

— 

197 

A- 170 

.40 

.91 

.018 

.10 

.25 

.004 

.009 

— 

.031 

192 

A- 171 

.33 

.94 

.016 

.10 

.25 

.003 

.009 

.10 

— 

197 

A-172 

.38 

.78 

.017 

.071 

.23 

.004 

.009 

.090 

— 

201 

EFFECTIVE  CASE  (INCHES) 
AT  jO  SECIFT  scan  RATE 


FIG.  4  -  Effective  Case  Depth  Versus 
Ideal  Diameter  for  Experimental  Heats 


FIG.  1  -  Composition 
of  Experimental  Heats 
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C 
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hi 
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.83 
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— 

A- 164 

.35 
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— 
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.78 

.165 
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.79 
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V 
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FIG.  3  -  Ideal  Diameter 
of  Experimental  Heats 


HEAT 

NO. 

C  Mn 

P 

S 

Si 

Al  N 

V 

Ti 

HB 
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.33  1.51 

.019 

.11 

.22 

.04  .012 

.002 

— 

183 
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.34  1.47 

.019 

.11 

.23 

.04  .012 

.080 

— 

187 

A-399 

.32  1.49 

.019 

.11 

.24 

.03  .013 

.11 

— 

217 

A-400 

.33  1.48 

.020 

.11 

.23 

.03  .012 

.082 

.012 

201 

A-401 

.32  1.48 

.019 

.11 

.11  .013 

.082 

— 

179 

A-402 

.35  1.34 

.019 

.028 

.20 

.03  .012 

.074 

— 

201 

A-403 

.32  1.41 

.020 

.027 

.20 

.03  .013 

.084 

— 

223 

A-404 

.37  1.50 

.020 

.11 

.25 

.03  .013 

.041 

_ 

217 

A-405 

.36  1.50 

.021 

.07 

.26 

.03  .013 

.031 

_ 

201 

A-406 

.38  1.62 

.020 

.11 

.26 

.03  .013 

.11 

— 

235 

A-407 

.37  1.35 

.020 

.12 

.22 

.04  .013 
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— 

217 

A-408 

.37  1.42 

.019 

.11 

.22 

.03  .012 

.11 

— 

223 

A-409 

.40  1.49 

.021 

.027 

.24 

.03  .012 

.12 

— 

229 

A-410 

.39  1.35 

.020 

.027 
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.03  .012 

.041 

— 

217 

A-411 

.39  1.48 

.020 

.028 
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.03  .012 

.041 

— 

229 

FIG.  5  -  Composition 
of  Experimental  Heats 

HEAT 

NO. 

C 

/1) 

ADJ  MN 

Dl 

(2) 

EFF  CASE 

V 

S 

A-397 

.33% 

1.32  y. 

1.16” 

.210" 

— 

.11 
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.34 
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1.14 
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.11 
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1.29 

1.14 
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.08 

.11 
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1.29 

1.12 

.255 

.08 

.11 

A-402 

.35 

1.29 

1.14 

.183 

.08 

.03 

A-403 

.32 

1.36 

1.17 

.183 

.08 

.03 

A-404 

.37 

1.31 

1.25 

.216 

.04 

.11 

A-405 

.36 

1.38 

1.31 

.360 

.04 

.07 

A-406 

.38 

1.43 

1.41 

.382 

.11 

.11 

A-407 

.37 

1.16 

1.15 

.198 

.11 

.11 

A-408 

.37 

1.23 

1.13 

.240 

.11 

.11 

A-409 

.40 

1.44 

1.43 

.380 

.11 

.03 

A-410 

.39 

1.30 

1.24 

.207 

.04 

.03 

A-411 

.39 

1.43 

1.40 

.300 

.04 

.03 
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(1)  ADJ  MN  =  MN-1.7(S)  (3)  TITANIUM  ADDED 

(2)  AT  30  SEC/FT  SCAN  BATE  (4)  ALUMINUM  ADDED 

FIG.  6  -  Ideal  Diameter 
of  Experimental  Heats 


1.00  I  .  .  .  ,  . . . 
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EFFECTIVE  CASE  (INCHES) 
AT  30  SEC/FT  SCAN  RATE 


FIG.  7  -  Effective  Case  Depth  Versus 
Ideal  Diameter  for  Experimental  Heats 
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FIG.  9 
of  Yoke 

-  Composition 

Shaft  Forgings 

FIG.  10  -  Induction  Hardened  Case 
Microstructure  of  1137  V  Yoke  Shaft. 
Consists  of  Martensite  with  Ferrite 
and  Bainite  at  the  Prior  Austenite 
Grain  Boundaries  (lOOX,  Nital  Etch) 


FIG.  8  -  Front  Yoke  Shaft  (Left 
to  Right;  Rough  Forging,  Machined 
Part,  Induction  Hardened  Part) 
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EFFECTS  OF  COMPOSITION  AND  HOT  ROLLING 
CONDITIONS  ON  THE  MECHANICAL  PROPERTIES 
OF  LOW  CARBON  BAINITIC  STEELS 


O.  Kwon,  R.  W.  Chang 

Steel  Products  Department 

Research  Institute  of  Industrial  Science  and  Technology 
Pohang,  Korea 


K.  S.  Ro,  W.  S.  Lee 

Hot  Rolling  Department 
Pohang  Iron  and  Steel  Company 
Pohang,  Korea 


Abstract 

The  changes  in  microstructure  and  mechanical  properties  observed  in  low 
carbon  bainitic  steels  were  investigated  under  various  alloying  and  hot  rolling 
conditions.  As  carbon  content  was  increased  up  to  0.05%,  strength  was 
increased  but  elongation  and  toughness  were  decreased.  However,  further 
increase  in  carbon  content  did  not  significantly  affect  the  mechanical 
properties.  The  addition  of  0.3%  Mo  resulted  in  a  significantly  increase  in 
strength  without  deteriorating  low  temperature  toughness.  In  contrast,  the 
addition  of  0.5%  Cu  had  little  influence  on  strength,  but  improved  impact 
properties  significantly.  The  combined  addition  of  Mo  with  Cu  or  Ni  resulted 
in  an  improvement  in  both  strength  and  toughness.  Little  influence  of 
reheating  and  finish  rolling  temperatures  on  strength  was  observed.  But, 
toughness  was  slightly  improved  by  decreasing  the  temperatures.  A  decrease  in 
coiling  temperature  led  to  a  little  change  in  tensile  strength.  However,  a 
significant  improvement  in  low  temperature  toughness  was  observed  as  coiling 
temperature  was  lowered.  The  effect  can  be  explained  in  terms  of  the 
microstructural  refinement  and  the  formation  of  ultra-fine  polygonal  ferrites. 


Key  Words;  steels,  microstructure,  mechanical  property,  bainite, 
acicular  ferrite,  low  carbon  steel,  hot  coils, 
microalloying,  hot  rolling. 

1 . Introduct ion 


Although  the  importance  of  bainitic 
steels  with  extra-low  carbon  had 
widely  been  recognized  for  the  last  30 
years,  it  was  only  recently  that  the 
steels  found  commercial  applications. 
This  was  partly  due  to  the 
difficulties  in  manufacturing  steels 
of  extra-low  carbon  content,  i.e. 
0.02%.  However,  the  recent  development 
in  steel  refining  process  using  vacuum 
degassing  with  RH  or  RH-OB  made  it 
possible  to  manufacture  steels  with 
reduced  carbon  content  commercially. 

The  advantage  of  the  low  carbon 
content  was  to  improve  low  temperature 
toughness  and  weldability,  resulting 
in  the  development  of  new  grade  high 
strength  steels  which  can  be  used 
under  severe  environmental  conditions. 


ULCB(Ultra-low  carbon  bainitic)  steel 
of  Nippon  Steel  corpora!  ion [ 1 , 2 ]  and 
STAF  steel  of  Nippon  Kokan  K.K.[3]  are 
examples  of  the  new  steels,  ULCB  and 
STAF  steels  have  found  wide 
applications  to  oil  industry  for 
transporting  oil  and  gas  from  arctic 
regions.  These  steels  were  alloyed 
with  small  amounts  of  Nb,  Ti  and  B, 
and  contained  1. 0-2.0%  Mn .  Other 
alloying  elements  such  as  Mo,  Ni,  Cu 
and  Cr  were  also  added  depending  on 
the  strength  and  toughness  required. 

However,  most  studies  on  low  carbon 
bainitic  steels  have  concentrated  on 
heavy  gage  plate. s  although  the  steels 
can  be  used  as  high  strength  strips 
with  excellent  toughness  and 
weldability.  The  purpose  of  this 


463 


I 


Table  I  Cheaical  coaposition  of  experiaental  ateela. 

_  (In  weight  I) 


Alloy 

c 

N 

Si 

ft) 

A1 

Hi 

Ti 

B 

rio 

Ni 

Cu 

Alloy-A 

0.1 

0.0014 

0.22 

1.41 

0.0055 

0.073 

0.021 

0.0008 

Alloy-B 

0.05 

0.0011 

0.22 

1.44 

0.01 

0.061 

0.02 

0.0006 

Alloy-C 

0.018 

0.0009 

0.22 

1.41 

0.01 

0.046 

0.02 

0.0009 

Alloy-D 

0.0073 

0.0014 

0.22 

1.44 

0.0055 

0.068 

0.02 

0.0007 

Alloy-B 

0.019 

0.0011 

0.22 

1.44 

0.01 

0.11 

0.02 

0.0009 

Alloys 

0.022 

0.0009 

0.22 

1.44 

0.009 

0.061 

0.02 

0.0011 

0.34 

AllogH: 

0.039 

0.0023 

0.15 

1.47 

0.024 

0.066 

0.024 

0.0009 

0.47 

Alloy-fl 

0.035 

0.0021 

0.16 

1.25 

0.016 

0.056 

0.019 

0.0009 

0.28 

0.3 

Allovi 

0.023 

0.0021 

0.23 

1.48 

0.01 

0.056 

0.023 

0.0006 

0.32 

0.34 

investigation  was,  by  simulating  the 
strip  rolling  process,  to  study  the 
effects  of  alloy  additions  and 
processing  parameters  on  the 

microstructure  and  mechanical 

properties  of  low  carbon  bainitic 
steels . 

2.  Experimental  Procedures 

The  experimental  steels  were 
prepared  by  vacuum  induction  melting 
in  30Kg  heats  and  casting  in  110mm 
thick  ingots.  The  chemical 

compositions  of  the  steel  are  shown  in 
Table  1.  All  steels  were  microalloyed 
with  Ti,  Nb  and  B.  Varying  amounts  of 
C,  Nb ,  Mo,  Cu  and  Ni  were  added  to 
study  the  effect  of  chemistry. 
Following  casting,  the  ingots  were 
forged  to  50mm  thick  plates  for  hot 
rolling  experiments.  The  plates  were, 
then,  hot  rolled  to  8mm  thick  sheets 
under  various  rolling  condit ions ( see 
Kig.l).  The  reheating  temperatures 
(RHT)  employed  were  1100  and  1250  *C, 
and  the  finish  rolling  temperatures 
(FT)  were  750  and  820*C.  To  simulate 
coiling  process,  the  hot  rolled  sheets 
were  cooled  to  a  desired  coiling 
I eraperature(CT)  of  500  or  600*C  with  a 
cooling  rate  of  15  *C/sec.  and  were 
isothermally  treated  at  the 

temperature  for  one  hour. 

Mechanics  1  properties  were  examined 
by  tensile  testing  with  subsizo 
speimens ( gage  length  =  25mm)  and 

Charpy  impact  testing  with  5mm  thick 
sub-scale  specimens.  The  micro¬ 
structure  was  observed  using  both 
optical  and  transmission  electron 
microscopes. 

3.  Results  and  Discussion 

3.1  Effect  of  carbon  content 

Fig. 2  shows  the  ra i cr os t r uc t ures  of 
low  carbon  bainite  observed  in 
transmission  electron  microscope.  The 
microstructures  are  of  typical  low 
carbon  bainite( Fig. 2  a),  which,  accor 
ding  to  Terazawa  et.al.[3],  consists 


of  dislocation-loaded  acicular  ferrite 
and  martensite  island(M)  formed  along 
the  grain  boundary.  The  acicular 
ferrite  was  characterized  by 

irregular,  in  some  cases  elongated, 
dislocation  cells  of  about  0. 5-1.0^ 
in  size.  Few  dislocations  existed 
inside  the  cells(Fig.2  b),  but  highly 
tangled  dislocation  networks  existed 
along  the  cell  boundaries ( Fi g . 2  c). 

The  typical  carbon  content  of  ULCB 
steels  ranged  between  0.02  and  0.05%, 
much  smaller  than  that  of  coventional 
ferrite-pearlite  steels  used  for  up  to 
X-70  grade  linepipes.  The  purpose  of 
reducing  carbon  content  was  to  improve 
weldability  and  low  temperature 
toughness.  In  order  to  see  the  effect 
of  carbon  content,  steels  A,  B,  C  and 
U  were  hot  rolled  under  the  identical 
condition  and  their  mechanical 
(iroperties  were  compared  as  shown  in 
Fig. 3.  Tensile  and  yield  strengths 
were  increased  and  elongation  was 
decreased  steadily  by  increasing 
carbon  content  up  to  0.05%.  However, 
a  further  increase  in  carbon  content 
did  not  exert  appreciable  effect  on 


Kig.l  Schematic  illustration  of 
experimental  hot  rolling  schedule. 
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IMPACT  ENERGY  AT  -60  “C  f  JOULE) 


Fig.6  Relationship  between  tensile 
strength  and  Charpy  inpact  energy 
under  various  alloying  conditions. 

Following  the  solubility  relation  of 
Irvine  et.al.[8],  the  dissolution 
temperatures  are  1339  and  1128  C  for 
0 . 1 IXNb-O . 005%N  steels  with  0.1  and 
0.02\  C,  respectively.  This  indicates 
that  all  Nb-precipitates  in  the  extra- 
low  carbon  steels  will  dissolve  in 
austenite  by  heating  at  a  temperature 
higher  than  1128*C  and  the  dissolved 
Nb  can  be  fully  utilized  for  improving 
the  mechanical  properties.  The 
results  in  Fig. 5.  showed  that 
increasing  Nb-content  from  0.05  to 
O.llX  was  almost  as  effective  as 
adding  0.3X  Mo  in  strengthening. 
However,  O.llSi  Nb  steel  showed 
slightly  inferior  impact  properties  to 
0 . 3S:  Mo  steel . 


Mo  has  been  a  popular  alloying 
element  used  in  low  carbon  bainitic 
steels [9-14] .  In  addition  to  the 
solution  strengthening  effect,  Mo  has 
been  known  to  increase  the  period  of 
incubation  at  the  nose  of  the 
isothermal  transformation  diagram  and 
to  raise  the  temperature  of  the  nose 
of  the  polygonal  ferrite[10]. 
According  to  Bardgett  and  Reeve[9], 
strength  of  low  carbon,  boron 
containing  steel  was  almost  doubled  by 
the  addition  of  Mo  up  to  0.62%.  In  the 
present  0.3%  Mo  steel,  both  yield  and 
tensile  strengths  were  increased  by  7 
kg/mm*  when  compared  with  Mo-free 
steel  without  a  loss  in  toughness. 
This  indicates  that,  since  the  Mo-free 
steel  satisfies  the  requirements  of  X- 
70  grade  linepipes,  the  0.3%  Mo  steel 
can  be  used  as  X-80  grade  linepipes. 
It  was  also  found  that  the  low 
temperature  impact  properties  of  the 
Mo  containing  steel  were  improved 
significantly  by  adding  Cu(steel  H) 
and  Ni(steel  I).  Therefore,  these 
alloys  are  excellent  candidate  steels 
for  X-80  grade  linepipes  of  arctic 
service. 


3.3  Effect  of  hot  rolling  condition 

Fig. 7  and  Fig. 8  show  the  effect  of 
hot  rolling  variables  on  the 
mechanical  properties  of  steels  C  and 
F,  respectively.  Eight  different  hot 
rolling  conditions,  which  were  the 
combinations  of  two  RHT’s(1250  and 
1100  ’C),  two  FT’s(820  and  750*C)  and 
two  CT’s(600  and  500*C),  were  employed 
to  study  the  effect  of  processing 
variables.  For  impact  properties,  data 
obtained  when  RHT  was  1250*C  are  shown 
in  Fig. 7  and  Fig. 8. 


rig. 7  lff«ct  of  hot  rolling  conditiooo  on  the  aachaDicol  proportion  of  stool  C. 
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When  RHT  was  lowered  from  1250  to 
1100  *C,  strength  did  not  seem  to 
change  significantly  but  toughness  wns 
slighly  improved.  This  behavior 
appeared  to  be  in  agreement  with  the 
previous  results  of  0.02%  C  ULCB 
steelsfl].  Two  different  structural 
changes  could  be  cited  when  RHT  was 
altered;  austenite  grain  size  and 
solute  Nb  in  austenite.  The  slight 
improvement  in  toughness  appeared  to 
he  attributed  to  the  reduction  in 
austenite  grain  size,  and  the  change 
in  strength  was  observed  to  be 
dependent  on  the  amount  of  solute  Nb . 
blDAX  analysis  of  undissolved 
precipitates  at  two  different  RHT 
conditions  showed  that  Nb  was  almost 
completely  dissolved  in  the  present 
steels.  Therefore,  little  change  in 
strength  should  be  expected  when  RHT 
was  altered.  However,  the  data 
obtained  in  0.046%  C  steel  showed  that 
strength  abruptly  decreased  when  RHT 
was  lowered  from  1200  to  1000  *0 ( 6 ] . 
This  follows  from  the  fact  that  the 
amount  of  solute  Nb  rapidly  decreased 
when  the  carbon  content  exceeded 
0.04%. 

The  effect  of  FT  on  tensile  and 
impact  properties  of  C  and  F  steels 
were  similar  to  that  of  RHT;  little 
change  in  tensile  properties  and 
slight  improvement  in  impact 
properties  when  FT  was  changed  from 
820  to  750  *C.  The  difference  in 
microstructures  for  two  different  FT 
conditions  would  be  the  effective 
retained  strain  energy  in 
unrecrystal  1 ized  austenite.  Since  the 
effective  energy  would  be  greater  when 
FT  was  lower,  the  impact  properties 
were  expected  to  be  improved.  The 
previous  investigations  have  already 
shown  that  increasing  the  total 
reduction  below  recrystallization 


temperature  and,  hence,  increasing  the 
effective  energy  exerted  only  slight 
effect  on  strength  but  improved  low 
temperature  toughness 

significantly[l,2,5,6,15,16] . 

The  effect  of  CT  on  the  mechanical 
properties  was  much  greater  than  that 
of  RHT  or  FT.  CT  did  not  have  much 
effect  on  tensile  strength,  but  had 
some  influence  on  yield  strength.  In 
steel  C,  yield  strength  was  slightly 
decreased  when  CT  was  changed  from  600 
to  500*C.  This  decrease  was  seen  to  be 
attributed  to  the  disappearance  of 
yield  point  elongation  when  CT  was 
lowered.  However,  in  steel  F,  a  small 
increase  in  yield  strength  was 

observed  when  CT  was  decreased.  Since 
both  flow  curves  of  steel  F  coiled  at 
600  and  500*C  exhibited  continuous 
yielding,  the  corresponding  increase 
was  thought  to  be  due  to  the 

refinement  of  dislocation  cel) 
structure  and  the  increase  in 
dislocation  density  in  low  carbon 
bainite.  An  example  is  shown  in 
Fig. 9.  The  size  of  dislocation  cell 
was  smaller  and  the  cell  boundary  w.i-s 
more  diffuse  when  CT  was  500  *C .  Some 
dis 1 ocat ion- f r ee  polygonal  ferrites 
with  sharp  grain  boundaries  were  often 
observed.  The  size  of  ferrite  grains, 
as  shown  in  Fig. 10,  was  1-2  >um.  The 
decrease  in  CT  resulted  in  a  sharp 
reduction  m  elongation,  which  may  be 
attributed  to  higher  dislocation 
density  at  500*C.  It  was  also  observed 
that  impact  properties  were 

significantly  improved  when  CT  was 
lowered  from  600  to  500*C.  Such  an 
improvement  has  been  explained  in 
terms  of  fine  grain  size  or  bainite 
lath  si ze [ 5 , 6 , 15 , 17 ] .  But,  Ohmori 
et.al.[18]  argued  that  the  size  of  the 
bunch  of  bainite  laths  which  lay  in 
almost  same  orientations,  or  the  unit 
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crack  path,  was  also  important 
parameter  determining  low  temperature 
( oughness . 

It  has  also  been  pointed  out  that 
the  low  temperature  toughness  of 
bainite  steels  was  closely  correlated 
V,  i  t  h  the  facet  size  of  cleavage 
fracture  in  the  thickness  direction 
I  f) ,  6  j  .  The  facet  size  has  been  known 
to  be  dependent  on  the  prior  austenite 
grain  size  and  the  effective  retained 
strain  after  thermomechanical  treat- 
nent.  However,  the  present  results  of 
the  CT  effect  on  toughness  suggested 
that  the  bainite  lath  size  played  a 
critical  role  in  determining  the 
impact  properties.  This  follows  from 
the  fact  that  the  main  structural 
rMfference  between  steels  treated  at 
500  and  600*C  were  the  bainite  lath 
size,  not  the  prior  austenite  size  or 
the  effective  strain  energy. 

A  r  c-  o  r  d  i  n  g  to  t  h  c  r  e  cent  report  of 
•lizairaaru  and  Shirazawa(15|,  the 
t  lUghness  was  almost  independent  of 
the  bainite  volume  fraction.  Instead, 
the  toughness  was  a  strong  function  of 
the  presence  of  ultra  fine  polygonal 
ferrites  of  1  in  size.  The 

formation  of  ultra-fine  ferrite  was 
confirmed  in  t  hi^  present  st  udy  and  has 
been  shown  in  Fig.  10. 


•1  .  C  o  n  c  1  u  s  i  o  n  s 

The  effects  of  alloy  add  1 1  ions  and 
hot  rolling  variables  on  the 
jiif!ch  an  1  ca  1  properties  of  low  (.:arbon 
bainitic  steels  were  studied  in  terms 
of  !•  1  r  ui:  I  ur  a  1  changes  occuri'ing  during 
processing.  The  following  conclusions 
we  re  obtained. 

',1)  The  effect  of  carbon  content  up 
to  0.05%  resulted  in  an  increase  H 
strength  and  a  decrease  in  elongation 
and  toughness.  However,  further 

in<  tease  in  caihon  content  did  not 
affect  strength  appreciably.  This 
behavior  resulted  from  the  balancing 
effects  of  interstitial  carbon  and 
bainite  o  1  u  m  e  f  r  a  f :  I  i  o  n  when  t  h  <> 
carbon  content  was  varied. 

(2)  The  addit  ion  of  0.3%  Mo 
resulted  in  a  significant  increase  in 
strength  without  de  t  e  r  i  o  r  ,i  t  i  n  g  low 
temperature  toughness.  The  addition  of 
0.5%  Cu  had  little  influence  on 
strength,  but  improved  impac  I 

pr ope  tiles  significantly. 


Fig. 9  Typical  dislocation  cell 
structures  of  bainite  observed  in 
:;teols  isothermal  ly  treated  at  (a)  600 
and  (b)  500* C. 


Fig. 10  Fine  polygonal  ferrites 
observed  in  the  transmission  electron 
m  i  <;r  os  I'ope  . 

(3)  The  combined  addition  of  Cu  or 
Ni  with  Mo  resulted  in  an  improvement 
in  both  strength  and  toughness. 

( d  )  When  RHT  and  FT  Wf'ri?  lowered, 
tensile  properties  were  not  changed 


significantly  but  impact  properties 
were  slightly  improved.  The 

improvement  in  impact  properties  was 
attributed  either  to  a  reduction  in 
aistenile  grain  size  or  to  an  increase 
in  retained  strain  energy  in 
a  IIS  I  eii  i  t  e  . 


I 


( f> )  A  decrease  in  CT  led  to  a 
decrease  in  yield  strength  of  Mo-free 
steel,  but  to  a  slight  increase  in 
yield  strength  of  Mo-containing  steel. 
In  addition,  the  decrease  in  CT 
resulted  in  a  sharp  decrease  in 
elongation  and  in  a  significant 
improvement  in  toughness.  The  latter 
effect  can  be  explained  in  terms  of 
the  microstructural  refinement. 
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ABSTRACT 

Hot  torsion  testing  is  used  to  simulate  the 
forging  process  of  two  vanadium  microalloy 
steels,  types  40MVS6  and  30MSiV62,  having  mini¬ 
mum  strengths  of  the  order  of  900  and  800  MPa, 
respectively. 

By  establishing  deformation  parameters  rep¬ 
resentative  of  the  hot  forging  used  for  average 
automobile  parts,  the  structural  effects  produc¬ 
ed  at  different  preheating  and  deformation  tem¬ 
peratures  are  analyzed  in  order  to  attempt  to 
obtain  directly  from  the  forging  process  an  op¬ 
timum  final  microstructure  not  requiring  later 
heat  treatment  to  attain  the  mechanical  proper¬ 
ties  demanded  in  use. 


THERE  IS  CURRENTLY  A  TENDENCY  in  the  manufac¬ 
turing  of  critical  parts  and  components  in  the 
automobile  industry  to  replace  steel  alloys  for 
tempering,  especially  Cr  and  Cr-Mo  steels,  for 
C-Mn  vanadium  microalloy  steels.  This  alterna¬ 
tive  is  based  on  the  lower  manufacturing  costs 
of  these  steels  and  on  the  possibility  of  their 
mechanical  properties  being  obtained  directly, 
via  the  shapliihg  process  itself.  In  this  res¬ 
pect,  this  process  should  be  analyzed  as  a  real 
thermomechanical  treatment  in  which  application 
and  definition  of  the  corresponding  controlled 
thermal  and  deformation  cycles  are  capable  of 
producing  in  the  material  thus  shaped  an  optimum 
final  structure  permitting  the  expected  mechan¬ 
ical  characteristics  to  be  obtained. 

For  several  years  mlcroallyed  steels  have 
mainly  been  used  in  replacement  for  non-alloyed 
or  low  alloy,  low  resistance,  thermally  treated 
steels;  however,  the  greatest  potential  for  cost 
reduction  occurs  necessarily  in  using  mlcrcal- 
loyed  steels  Instead  of  high  resistance  tempered 
alloy  steels  (1).  This  makes  it  possible  to  ob¬ 
tain  similar  levels  of  resistance  without  the 
presence  of  certain  high  cost  alloy  materials. 


such  as  chrome  and  molibdenum,  and  without  the 
need  for  the  steels  to  be  subjected  to  post- 
forging  heat  treatments  which,  apart  from  in¬ 
creasing  production  costs  may  also  give  rise  to 
serious  dimensional  problems  in  the  product. 

There  are  certain  types  of  tests  which  make 
it  possible  to  study  thermomechanical  forging 
processes  in  metallic  materials  -  tension,  com¬ 
pression  and  torsion  -  the  last  being  the  most 
widely  used  because  of  its  specific  characteris¬ 
tics,  versatility  and  ease  of  execution.  The 
hot  torsion  test  allows  any  industrial  forging 
process  to  be  simulated  at  laboratory  scale 
using  samples  of  small  dimensions. 

The  parameters  that  characterize  any  forg¬ 
ing  process  are  the  degree  of  deformation  and 
the  temperature  and  rate  at  which  these  deforma¬ 
tions  are  applied.  The  grounds  for  simulation 
of  hot  forging  processes  are  based  on  the 
generalized  concepts  of  stress  (5)  and  deforma¬ 
tion  (  t  )  derived  from  the  principle  of  equiva¬ 
lence.  .According  to  this  principle,  if  two 
metallic  elements  having  identical  chemical 
composition  and  Initial  structure  are  subjected 
over  time  to  the  same  laws  of  generalized  defor¬ 
mation  and  temperature,  they  will  at  any  given 
moment  be  in  one  same  state,  regardless  of  the 
process  giving  rise  to  the  deformation. 

On  the  basis  of  these  hot  torsion  tests, 
the  present  study  has  centred  on  consideration 
of  the  plastic  behaviour  of  the  two  steels  des¬ 
cribed  above  through  the  breaking  point  ductili¬ 
ty  curves.  The  Industrial  forging  process  has 
been  simulated  in  two  runs  and  applied  to  repre¬ 
sentative  automobile  parts  (push  rod,  crank¬ 
shaft,  etc.),  with  reproduction  of  the  values  of 
deformation  undergone  during  each  forging 
stroke,  the  rate  at  which  such  deformations  are 
applied  and  the  parameters  of  the  thermal  cycles 
accompanying  the  shaping  process  -  preheating 
and  deformation  temperatures,  maintenance  times 
between  runs  and  cooling  rate. 
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Maintaining  the  values  of  deformation  {  £  ) 
and  deformation  rate  ( f  )  calculated  in  the  in¬ 
dustrial  forging  process  for  this  type  of 
parts,  different  torsion  tests  have  been  car¬ 
ried  out  varying  the  preheating  and  deformation 
temperatures,  in  order  to  analyze  the  influence 
of  these  thermal  parameters  on  the  final  struc¬ 
ture  of  both  steels,  the  test  samples  being  air 
cooled  following  application  of  the  final 
deformation.  The  type  of  microstructure  ob¬ 
tained  and  the  shape,  size  and  distribution  of 
the  phases  and  microconstituents  present  in 
this  microstructure  make  it  possible  to  esti¬ 
mate  the  degree  of  the  different  properties 
that  can  be  achieved  in  these  vanadium  micro¬ 
alloy  steels.  Also,  the  results  obtained  from 
the  study  offer  the  possibility  of  gaining  in¬ 
sight  into  the  thermal  cycles  to  be  associated 
with  the  forging  process  in  order  to  produce  an 
adequate  material  structure  under  optimum  oper¬ 
ational  conditions  in  the  process  itself. 

CHARACTERIZATION  OF  THE  TESTED  STEELS 

Two  Carbon  Manganese  Vanadium  microalloyed 
steels  hardened  by  air-induced  precipitation 
were  tested.  Both  of  these  steels  are  typified 
basically  by  standard  970/1983,  and  their  che¬ 
mical  composition  is  shown  in  Table  1. 

The  test  samples  were  obtained  longitudin¬ 
ally  from  hot-rolled  bars,  this  being  the  basis 
for  the  entire  experimental  study. 

Both  steels  have  very  similar  percentages 
of  manganese  and  vanadium,  and  are  distinguish¬ 
ed  fundamentally  by  their  content  in  carbon, 
sulphur,  nitrogen  and  silica;  the  two  first  of 
these  elements  are  higher  in  40MVS6  steel, 
while  the  content  of  nitrogen  and  silica  is 
greater  in  the  lower  carbon  content  steel. 

In  order  to  favour  the  precipitation  of  va¬ 
nadium  nitrides  in  the  30MSiV62  steel,  the  ni¬ 
trogen  content  of  this  steel  was  increased  to 
the  significantly  high  value  of  164  ppm. 

In  spite  of  the  fact  that  in  the  raw,  hot 
transformation  state  these  microalloyed  steels 
show  high  tensile  strengths  (greater  than  800 
MPa  for  30MSiV62  and  than  900  in  the  case  of 
40MVS6  steel),  when  the  shaping  processes  are 
performed  using  uncontrolled  conventional  tech¬ 
niques  at  equal  values  of  resistance,  the  pro¬ 
perties  of  ductility  and  toughness  of  the 
microalloyed  steels  are  lower  than  those  found 
in  traditional  alloyed  steels  subject  to  heat 
treatment  tempering.  Besides  this,  the  elastic 
limit  is  also  lower  and  the  ferritic-perlitlc 
structure,  characteristic  of  microalloyed 
steels  air  cooled  following  hot  shaping,  shows 
a  relationship  between  the  elastic  limit  (R^.) 
and  tensile  strength  (8^)  of  =  0.65, 

while  this  ratio  reaches  a  value  of  0.90  in  the 
case  of  tempered  alloyed  steels  (2). 

However,  given  the  specific  metallurgic 
characteristics  of  thes"  vanadium  microalloyed 
steels,  which  harden  by  precipitation  during 
the  cooldown  that  takes  place  after  the  hot 
transformations,  study  of  the  shaping  processes 


on  the  basis  of  considering  them  as  real  ther- 
momechai''"  cal  treatments  makes  it  possible  to 
attain  mechanical  properties  for  these  steels 
that  are  generally  valid  for  numerous  applica¬ 
tions  and  perfectly  comparable  to  those  of  tem¬ 
pered  alloyed  steels. 

Table  1.  Chemical  Composition  (%  wt) 


^  ■  — . 

40MVS6 

30MSiV62 

L _ _ 

c 

0.39 

0.29 

Mn 

1.29 

1.30 

Si 

0.22 

0.43 

S 

0.073 

0.026 

P 

0.014 

0.019 

V 

0.10 

0.11 

A1 

0.020 

0.029 

N2 

70  ppm 

164  ppm 

PLASTIC  BEHAVIOUR.  DUCTILITY 


In  order  to  acquire  previous  knowledge  of 
the  plastic  behaviour  of  the  two  C-Mn-V  steels 
under  study,  torsion  tests  were  carried  out  at 
different  temperatures,  ranging  from  900  OC  to 
1,250  OC,  and  applying  deformations  up  to  the 
breaking  point  at  a  constant  rate  of  2,000  rpm 
torsion,  this  being  equivalent  to  a  generalized 
deformation  rate  at  the  periphery  of  the  sample 
equal  to  f  =  7.25  s"^,  in  accordance  with  the 
following  expression! 


=  iZLS  .  (1 

/3  L 


where : 


N  -  number  of  turns  per  second 
R  -  radius  of  the  sample  (3  mm) 

L  -  effective  length  of  the  sample  (50  mm) 

By  expressing  the  values  corresponding  to 
the  number  of  torsion  turns  withstood  by  the 
material  prior  to  reaching  the  breaking  point 
at  each  test  temperature,  it  is  possible  to  ob¬ 
tain  the  ductility  curves  shown  in  Figure  1. 
The  diversity  of  metallurgical  factors  affect¬ 
ing  the  ductility  of  a  metallic  material  -  mi- 
crostructural  heterogeneity,  residual  elements, 
inclusions  -  demands  that  the  information  ob¬ 
tained  from  the  curves  showing  ductility  up  to 
the  breaking  point  be  limited  to  suitable 
levels . 

The  expression  linking  the  ductility  of  a 
material,  represented  by  the  value  of  deforma¬ 
tion  up  to  breaking  point  (6  ^) ,  with  tempera¬ 
ture  approximates  to  a  function  of  type  (3): 

=  A  exp  -  ■  SL .  (2) 

RT 
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where : 


Q  -  activation  constant 
R  -  perfect  gas  constant 
A  -  material-dependent  constant 


LU 


TEMPERATURES,  °C 
FIG  1_DUCT1LITY  CURVES 


The  increase  in  the  deformation  temperature 
gives  rise  to  a  progressive  increase  in  ducti¬ 
lity,  this  tendency  being  maintained  in  theory 
up  to  temperatures  near  to  the  melting  point, 
where  a  sudden  decrease  is  observed.  However, 
the  influence  of  the  metallurgical  factors  men¬ 
tioned  above  and  the  increase  in  temperature 
experienced  in  any  deformation  process  favour 
the  formation  of  cracks  and  defects  and/or  fu¬ 
sion  of  segregated  raicrophases,  this  giving  way 
to  an  appreciable  reduction  in  the  ductility  of 
the  material  and  breaking  due  to  internal  deco¬ 
hesion  at  temperatures  quite  a  lot  lower  than 
the  melting  point. 

However,  in  spite  of  these  limitations, 
which  are  difficult  to  control  experimentally, 
the  ductility  curves  make  it  possible  to  deter¬ 
mine  the  temperature  zones  in  which  the  mate¬ 
rial  shows  maximum  plastic  flux  and  in  which  it 
is  consequently  more  suitable  for  shaping. 

According  to  the  curves  shown  in  Figure  1, 
the  maximum  ductility  of  the  40MVS6  steel  oc¬ 
curs  at  a  temperature  of  1200  OC,  this  being 
greater  than  the  maximum  point  of  ductility  for 
the  30MSiV62  steel,  which  occurs  at  1100  ac. 
Although  both  steels  show  good  plastic  beha¬ 
viour  across  a  wide  range  of  temperatures,  the 
30MSiV62  steel  covers  a  greater  range,  which  is 
also  prolonged  to  lower  temperatures. 

If  a  torsion  value  of  40  turns  is  consid¬ 
ered,  this  being  equivalent  to  a  generalized 
deformation  of  i  -  8.71  (871%),  which  is  much 
higher  than  the  maximum  accumulated  deforma¬ 
tions  that  would  occur  in  any  process  of  shap¬ 
ing  X  £  “  5),  this  deformation  could  be 


achieved  in  the  30MSiV62  steel  at  an  approxi¬ 
mate  temperature  of  925  RC,  a  lower  temperature 
than  that  corresponding  to  the  40MVS6  steel, 
which  is  approximately  980  oc.  From  the  above 
it  can  be  deduced  that  the  high  ductility  zone 
of  these  steels  extends  from  these  temperatures 
to  the  maximum  test  temperature  -  1,250  oc 

which  it  is  not  advisable  to  exceed  in  shaping 
processes . 


REHEATING  TEMPERATURE, “C 


REHEATING  TEMPERATURE,°C 

FIG  2.  RELATIONSHIP  BETWEEN  AUSTEN¬ 
ITE  GRAIN  SIZE  UNDEFORMED  AND 
REHEATING  TEMPERATURE. 
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SIZE  OF  THE  INITIAL  AUSTENITIC  GRAIN 

In  order  to  know  the  size  of  the  initial 
austenitic  grain  prior  to  deformation,  small 
cylindrical  samples  were  machined  from  both 
steels  (fif  =  2  mm,  L  =  12inm)  and  subjected  to 
heatup  at  a  constant  rate  of  50C/s,  followed  by 
a  period  of  temperature  maintenance  lasting  120 
seconds  and  a  cooldown  at  a  rate  of  200bC/s. 

Figure  2  shows  the  results  of  varying  the 
size  of  the  austenitic  grain  as  a  function  of 
preheating  temperature  for  the  two  steels  test¬ 
ed. 

From  temperatures  close  to  1050  RC  up  to 
temperatures  above  1100  OC  the  30MSiV62  steel 
shows  double  austenitic  grains.  The  grain 
growth  curve  corresponding  to  this  steel.  Fi¬ 
gure  2,  shows  the  maximum  and  minimum  grain 
sizes  observed  over  this  range  of  tempera¬ 
tures.  The  maximum  difference  in  the  sizes  of 
the  austenitic  grains  present  in  the  structure 
(max.  4  and  min.  8  ASTM)  is  detected  at  a  tem¬ 
perature  of  1050  OC;  consequently,  it  can  be 
deduced  that  this  is  the  temperature  at  which 
the  maximum  growth  of  the  austenitic  grains 
commences  in  this  steel. 

The  40MVS6  steel,  on  the  other  hand,  does 
not  show  double  grains,  and  maintains  a  more 
uniform  and  regular  growth  in  grain  size  with 
temperature. 

Comparison  of  the  grain  growth  curves  for 
both  steels  makes  It  possible  to  detect  the  in¬ 
fluence  of  nitrogen  as  the  element  responsible 
for  formation  of  precipitates  with  the  vanadium 
(VN),  these  having  a  high  capacity  for  increase 
of  the  fineness  ot  the  austenitic  grains,  due 
to  inhibition  of  their  growth  with  temperature 
(4).  In  this  respect,  finer  grain  sizes  are  ob¬ 
served  in  the  30MS1VC2  steel,  with  164  ppm  ni¬ 
trogen,  than  in  the  40MVS6  steel,  up  to  the 
temperature  of  1050  SC  at  which  formation  of 
double  grains  commences. 

SIMULATION  OF  THE  FORGING  PROCESS 

PREHEATING  TEMPERATUPj:S  -  Apart  from  sever¬ 
al  other  considerations  of  an  operational  and 
structural  nature,  the  preheating  temperatures 
used  in  the  microalloyed  steel  forging  process 
should  be  adapted  to  the  temperatures  at  which 
solubilization  of  the  precipitates  present  in 
the  material  occur: .  In  the  case  of  the  C-Mn-V 
steels  considered  in  this  study,  the  precipi¬ 
tates  that  may  be  pre 5ent  are  carbides  of  vana¬ 
dium  (VC),  nitrates  of  vanadium  (VN)  and  car- 
bonitrates  of  vanadium  V(C,N). 

The  effects  of  the  slowing  down  of  the  re- 
crystalllzatlon  process,  the  inhibition  of 
growth  of  austenitic  grains,  the  Increased 
fineness  of  ferritic  grains  and  the  hardening 
by  precipitation  produced  by  the  action  of 
these  compounds,  mainly  VN  and  V(C,N)  are  well 
known  (5).  However,  the  beneficial  effects  of 
these  precipitates,  consisting  of  an  Increase 
in  the  mechanical  characteristics,  especially 
the  elastic  limit  and  Impact  resls''ance,  would 


be  enormously  reduced  if  during  the  heatup 
prior  to  forging  they  were  not  put  in  solution 
in  order  to  be  able  to  precipitate  later  during 
the  cooldown  and  act  with  maximum  efficiency. 

The  solution  temperatures  of  VC  and  VN  as 
a  function  of  the  percent  content  in  weight  of 
these  elements  may  be  calculated  respectively 
by  the  following  equations: 

log  (V)  (C)  =  -  ilM  +  6.72  (3) 

T 

and 

log  (V)  (N)  =  -  ^.3.30  +  3.46  (4) 

T 

where  T  represents  the  absolute  temperature. 

On  the  basis  of  these  expressions  o,  and 
more  easily  via  direct  reading  in  Figure  3,  it 
is  possible  to  obtain  the  solid  solution  tem¬ 
peratures  in  the  austenite  of  vanadium  carbura- 
tes  and  nitrates  indicated  in  Table  II. 

TABLE  II.  VC  and  VN  solution  temperatures 
in  the  steels  under  study 


40MVS6 

30MSiV62 

VC 

896  OC 

883  OC 

VN 

_ _ 

986  OC 

o 

o 

lO 

o 

According  to  these  data,  the  preheating 
temperatures  normally  applied  in  forging  pro¬ 
cesses,  located  at  around  1250  BC,  far  exceed 
the  VC  and  VN  solution  temperatures  of  these 
steels.  However,  as  will  be  seen  below,  know¬ 
ledge  of  these  temperatures  is  also  important 
in  order  to  determine  the  temperatures  at  which 
the  material  should  be  deformed  during  the  pro¬ 
cess. 

DEFORMATION  PARAMETERS  -  The  basis  used  in 
order  to  establish  the  deformation  parameters 
to  be  used  in  simulating  the  hot  torsion  tests 
was  a  two-run  forging  of  an  automobile  pusl 
rod,  in  which  the  values  of  the  deformations 
produced  at  each  stroke  and  the  avrage  rate  at 
which  these  deformations  were  applied  were  cal¬ 
culated  by  means  of  the  following  expressions 


(6): 

h 

i  =  In  0 

(5) 

h 

j  =  A  e 

Vm 

(6) 
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TABLE  III.  Deformation  parameters 
used  in  simulation  of  the  forging 
process 


T 


F(G  3.  SOLUTION  TEMPERATURES 
OF  VC  y  VN 


where 

hg  =  initial  height 
h  =  final  height 

v,^  =  average  speed  of  the  hammer  from  commence¬ 
ment  to  termination  of  the  deformation 

On  Che  basis  of  the  above,  and  ignoring  the 
small  relative  differences  in  the  average 
generalized  rates  of  deformation  observed  be¬ 
tween  the  two  runs,  the  deformation  parameters 
shown  in  Table  Til  were  selected.  Likewise,  by 
applying  the  torsion  equivalence  equations 
given  by  the  expressl  /n  (1)  (*),  Table  ITT  in¬ 
cludes  the  equivalent  deformation  parameters 
for  the  peripheral  layer  of  the  torsion  sample 
used,  expressed  in  terms  of  the  number  of  turns 
(N)  .and  the  revolutions  per  minute  (N). 


(*)  From  tlie  expression  (I)  it  is  possible  to 
arrive  at  the  generalized  torsion  deforma¬ 
tion  equation:  C  =  2  TT  K  N,  where  N  is 

TT'ir 

the  number  of  turns  and  the  remaining  sym¬ 
bol,-;  have  the  same  significance  as  in  (1). 


Forging 

Torsion 

.  _  .  _  _ 

t 

J. 

£  m 

(s-“) 

N 

N 

(rpm) 

l®t  run 

1 .443 

7.25 

6.6 

2000 

2"'^  run 

0.779 

1  .lb 

3.6 

_ _ 

2000 

THERMAL  PARAMETERS  -  In  order  to  program 
simulation  as  faithfully  as  possible,  the  times 
and  temperatures  were  directly  measured  during 
the  development  of  the  forging  process  in  an 
industrial  Installation. 

In  this  respect,  different  preheating  tem¬ 
peratures  were  established,  and  the  times  be¬ 
tween  runs  and  temperatures  of  each  batch  were 
measured  at  the  end  of  each  deformation.  The 
results  are  shown  in  Table  IV. 

TABLE  IV.  Thermal  parameters  directly 
measured  during  the  forging  process. 


Preheat 

Temp. 

Furn.  (OC) 

I®t  Run 
(OC) 

Time 

between 

runs 

2"'*  Run 
(OC) 

.  .  . 

Cooling 

method 

1250 

1180 

3 

niT^ 

air 

1200 

1150 

.. 

3 

1102 

air 

1150 

1120 

3 

1087 

air 

1100 

1080 

3 

1050 

air 

All  the  parts  were  air  cooled  immediately 
after  forging. 

EXPERIMENTAL  RESULTS 

Taking  the  real  data  arising  from  the  in¬ 
dustrial  forging  process  described  above  as  the 
basic  model,  a  wide  program  of  hot  torsion 
tests  was  established,  covering  the  entire 
practical  range  of  preheating  and  deformation 
temperatures  between  1250  oc  and  900  ac. 

In  this  way,  and  by  exactly  maintaining 
the  same  values  of  deformation  (N)  and  deforma¬ 
tion  rate  (!';)  shown  in  Table  III,  torsion  tests 
were  performed  on  the  basts  of  the  thermal  pa¬ 
rameters  shown  in  Table  V,  while  maintaining 
the  cooling  law  as  close  as  possible  to  the 
industrial  forging  process  under  study. 

STRUCTIRAT.  ANALYSIS  -  Grooves  of  a  depth 
of  0.3  mm  were  ground  along  the  entire  effec¬ 
tive  length  of  all  the  torsion  samples  tested 
for  analysis  of  the  corresponding  final  micro- 
structures  and  determination  of  the  grain  sizes. 
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Table  V  indicates  the  grain  sizes  obtained 
in  each  of  the  samples  tested.  When  precipi¬ 
tated  ferrite  exists  at  the  old  austenite  grain 
boundaries,  the  austenitic  size  is  given,  and 
when  the  ferrite  is  present  in  the  form  of 
equiaxial  grains,  the  ferritic  grain  size  is 
given. 

TABLE  V.  Thermal  parameters  used 
in  simulating  the  described  forging 
process  by  torsion 


40MVS6 

STEEL 

Preheat . 

I3t 

Post- 

Final  Grain 

1  Furn. 

Deform. 

Deform. 

deform. 

Size  (ASTM) 

I  Temp. 

(OC) 

(OC) 

Cooling 

(1) 

j  (ac) 

1225 

1180 

4/5 

1 

1 

1190 

1130 

5 

1250 

1170 

1120 

air 

5/6 

1120 

1075 

6 

1010 

960 

7 

980 

930 

8 

1180 

1130 

6/7 

1150 

1110 

6/7 

1  1200 

1120 

1080 

air 

7 

' 

1000 

960 

7/8 

950 

910 

8  j 

1130 

1070 

6/7 

1150 

1130 

1055 

air 

7 

, 

1080 

1010 

7/8 

^  1100 

1090 

1050 

air 

7/8 

1090 

1000 

7/8 

30MSiV62 

STEEL 

i 

1175 

1115 

5/6  j 

:  1200 

1150 

1055 

air 

6 

1055 

1010 

(9/10)  ! 

1010 

955 

(9/10) 

960 

905 

(10) 

1110 

1060 

7 

1060 

1005 

(9/10)  i 

1150 

1010 

955 

air 

(9/10)  1 

955 

900 

(10)  1 

1100 

1085 

1055 

air 

(9 /Vo)  'i 

1060 

1000 

( 10)  ! 

1050 

1040 

1005 

air 

(lol - 1 

_ i 

fl)  The  numbers  shown  in  brackets  correspond  to 
the  values  of  ferritic  grain  sizes.  The 
rest,  not  shown  in  brackets,  correspond  to 
the  size  of  austenitic  grains  determined 
thanks  to  the  presence  of  ferrite  at  the 
grain  boundary. 


Under  all  the  test  conditions  encountered, 
the  general  microstructure  of  the  40MVS6  steel 
is  made  up  of  ferrite  and  perlite  with  a  preci¬ 
pitation  of  proeutectoid  ferrite  at  the  old 
austenitic  grain  boundaries.  In  the  case  of 
the  30MSiV62  steel,  the  general  microstructure 
is  also  ferritic-perlitic ,  although  in  this 
case  there  is  a  greater  predisposition  to  the 
incipient  formation  of  balnite,  and  ferrite  is 
observed  only  at  the  grain  boundaries  in  these 
samples  whose  last  deformation  terminated  at 
higher  temperatures,  generally  above  1050  ^c. 

The  deformation  cycles  applied  under  the 
different  temperature  conditions  have  given 
rise  to  totally  recrystallized  structures. 
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FIG  4. RELATIONSHIP  BETWEEN  FIRST 
DEFORMATION  TEMPERATURE  AND  NUMBER 
OF  ROTATIONSTO  STABLE  TORQUE  (DYNAMIC 
RECRYSTALLIZATION) 


Analysis  of  the  recording  curves  for  the 
different  tests  (torsion  torque  -  number  of 
turns)  clearly  shows  that  the  extension  of  de¬ 
formation  in  the  first  run  (£  =  1.443  :  N  =  6.6 
turns)  is  sufficient  to  produce  total  dynamic 
recrystallization  in  both  steels  when  the  tem¬ 
perature  at  which  this  deformation  is  accomp¬ 
lished  is  greater  than  950  OC.  The  graphs 
shown  in  Figure  4  represent  the  values  of  de¬ 
formation  necessary  in  order  to  reach  the  nor¬ 
mal  operational  state  (equilibrium  between  de¬ 
formation  hardening  and  recrystallization);  the 
graphs  also  show  that  for  temperatures  exceed¬ 
ing  950  oc  the  number  of  turns  required  in  or¬ 
der  to  achieve  recrystallization  is  fewer  than 
that  actually  applied. 

The  second  deformation,  performed  at  a 
lower  temperature  and  much  lower  intensity  than 
the  first  (  £  =  0.779  :  N  -  3.6  turns)  is  not 
capable  of  causing  dynamic  recrystallization  in 
the  structure;  consequently,  it  can  be  deduced 
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that  the  recrystallization  observed  in  the  fi¬ 
nal  microstructures  has  been  fundamentally  pro¬ 
duced  by  static  recrystallization  during  the 
cooldown  following  the  second  and  last  deforma¬ 
tion.  Only  when  the  temperature  of  the  second 
deformation  is  higher  than  1070  OC  is  it  pos¬ 
sible  to  detect  signs  of  incipient  dynamic  re¬ 
crystallization  in  both  steels,)  as  a  result  of 
the  deformation  applied  being  slightly  higher 
than  that  corresponding  to  maximum  torque  (de¬ 
formation  at  maximum  torque:  ?max.). 

These  phenomena  are  shown  in  the  recording 
curves  included  in  Figures  5  and  6,  which  re¬ 
present  two  extreme  cases  for  the  two  steels: 
maximum  and  minimum  temperature  of  the  last 
deformation. 

STEEL  40MVS  6 


CONCLUSIONS 

The  two  vanadium  microalloyed  carbon- 
manganese  steels  considered  in  the  present  stu¬ 
dy  are  perfectly  adequate  for  shaping  by  hot 
forging. 

The  wide  temperature  range  over  which 
these  two  steels  show  high  values  of  ductility 
permit  adaptation  of  the  temperatures  at  which 
it  is  possible  to  apply  the  succesive  deforma¬ 
tions,  in  order  to  directly  achieve  from  forg¬ 
ing  the  final  material  structure  best  suited  to 
the  demands  Imposed  by  each  application,  with¬ 
out  the  need  for  costly  subsequent  thermal 
treatments . 


STEEL  40MVS  6 
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FIG.5_T0RQUE-NUMBER  OF  ROTATIONS  CURVES  IN  TWO  EXTREME  TEMPERATURES 
OF  LAST  DEFORMATION  (STEEL  40MVS6) 
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Centering  simply  on  structural  considera¬ 
tions,  evaluation  of  the  results  presented  in 
this  study  allows  us  to  conclude  that,  in  both 
steels,  the  optimum  microstructure  is  obtained 
when  final  deformation  is  accomplished  at  low 
temperatures.  Under  these  conditions,  subse¬ 
quent  cooldowns  by  air  are  capable  of  generat¬ 
ing  fine  grain  ferrltic-perlltic  mlcrostruc- 
tures.  In  this  respect,  the  higher  level  of 
nitrogen  in  the  30MS1V62  steel  allows  for  the 
formation  of  greater  quantities  of  precipitates 
which  result  in  this  steel  attaining  a  consi¬ 
derably  finer  grain  size  than  the  40MVS6  steel 
with  identical  temperature  cycles  associated 
with  deformation. 

Figure  7  shows  the  micrographs  for  both 
steels  when  subjected  to  an  Identical  shaping 
process:  Preheating  temperature  of  1200  OC, 
initial  deformation  temperature  (  £  -  1.443)  at 
1060  OC,  second  deformation  temperature  of  (i  = 
0.779)  at  1010  OC,  identical  deformation  rate 
in  both  cases  at  7.25  s'^  and  air  cooling  under 
the  same  conditions. 

In  these  micrographs  the  difference  in 
grain  size  between  the  two  steels  can  be  appre¬ 
ciated:  7  ASTM  for  the  40MVS6  steel  and  9/10 
ASTM  for  30MS1V62,  as  well  as  the  precipitation 
of  proeutectoid  ferrite  at  the  grain  boundaries 
produced  in  the  first  of  these  steels.  Although 
this  type  of  microstructure  can  mean  a  reduc¬ 
tion  in  the  Impact  resistance  of  the  material, 
the  acceptable  size  of  the  grains  achieved  by 
cooling  immediately  after  forging  makes  this 
steel  a  possible  substitute  for  many  thermally 
treated  alloyed  steels.  This  is  undoubtedly 
the  case  for  the  30MSiV62  steel  which,  with  its 
ferritic-perlitic  structure  with  grain  sizes  of 
9  or  10  ASTM  and  a  fine  perlite,  guarantees  ap¬ 
propriate  levels  of  strength,  elastic  limit  and 
Impact  resistance  for  replacement  of  many 
alloyed  steels  in  (^T  conditions,  with  impor¬ 
tant  economical  advantages. 


40  MVS  6  (x200) 


The  experimental  results  also  show  that 
the  preheating  temperature  does  not  exercise  an 
appreciable  influence  on  the  final  grain  size 
and  microstructure,  these  depending  exclusively 
on  deformation  temperatures  when  all  other  pa¬ 
rameters  are  equal  (magnitude  of  deformation  in 
runs,  deformation  rate,  time  between  runs  and 
post-forging  cooldown  rates). 

As  a  result  of  the  above,  apart  from  solu¬ 
bilization  of  the  precipitates  being  assured  in 
both  steels  from  sufficiently  low  temperatures 

-  ^  986  OC  for  40MVS6  and  1070  QC  for  30MSiV62 

-  the  use  of  preheating  temperatures  lower  than 
those  usually  utilized  in  forging  will  permit  a 
series  of  Important  advantages  to  be  achieved, 
quite  apart  from  the  clear  energy  saving  im¬ 
plied.  As  regards  the  forging  process  itself, 
the  possibility  of  reducing  the  preheating  tem¬ 
peratures  is  a  factor  that  impacts  heavily  on 
the  prolongation  of  the  service  lifetime  of  the 
dies . 

All  the  reasoning  reflected  above  leads  to 
the  advisability  of  these  steels  being  forged 
at  the  lowest  temperatures  possible.  On  the 
other  hand,  it  would  not  appear  to  be  advisable 
to  reduce  the  preheating  temperature  below  1100 
*C,  nor  that  the  final  deformation  be  accom¬ 
plished  below  1000  OC.  In  both  cases  the  ac¬ 
tion  of  the  microalloying  elements  might  be 
less  effective  and  the  operational  difficulties 
encountered  in  the  process  would  Increase  con¬ 
siderably. 

On  the  basis  of  the  above,  it  can  be  con¬ 
cluded  that  the  optimum  forging  process  for 
these  mlcroalloyed  steels,  considered  as  a  real 
thermomechanical  treatment,  should  be  developed 
under  the  following  conditions: 

For  40MVS6  steel,  which  shows  a  maximum 
ductility  temperature  of  1200  oC  with  high  va¬ 
lues  as  from  1,000  oC,  a  regular  austenitic 
grain  growth  rate,  a  precipitate  solubilization 
temperature  close  to  1000  OC  and  a  minimum  tem- 


FIG  7.  MICROSTRUCTURE  OF  BOTH  STEELS  TESTED  IN  THE  SAME  CONDITIONS 
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perature  of  ~  1070  oc  for  Incipient  dynamic  re- 
crystallizatlon  during  the  second  deformation 
(t  =  0.779),  the  most  adequate  forging  thermo- 
mechanical  treatment  for  manufacturing  of  a 
piece  of  this  steel,  with  the  deformation  para¬ 
meters  used  in  this  study,  might  be  developed 
under  the  following  conditions:  Preheating  tem¬ 
perature  =  1150  fiC;  initial  deformation  tem¬ 
perature  =  2^  1120  oCj  temperature  of  the  second 
and  final  deformatlon=  1090  scj  and  air  cooling 
immediately  following  the  final  deformation,  at 
a  rate  of  between  50  and  250oc/mln.  Under 
these  conditions  the  final  microstructure  of 
the  steel  would  be  ferrltic-perlitlc ,  with  a 
grain  size  of  6  or  7  ASTM,  depending  on  the 
post-forging  cooldown  rate  applied. 

In  the  case  of  the  30MSiV62  steel,  which 
has  a  maximum  ductility  temperature  of  1100  oc 
with  high  values  being  maintained  as  from  950 
OC,  a  fast  grain  growth  rate  above  1050  OC,  to¬ 
tal  precipitate  solubilization  at  1070  OC  and  a 
minimum  temperature  of  ^  1070  oc  for  incipient 
dynamic  recrystalllzatlon  during  the  second  de¬ 
formation  (/  =  0.779),  the  most  adequate  ther¬ 
momechanical  treatment  in  forging  for  produc¬ 
tion  of  a  piece  of  this  steel,  with  the  defor¬ 
mation  parameters  established  in  this  study, 
might  be  as  follows:  Preheating  temperature  = 
1100  fiCj  initial  deformation  temperature  ~  = 
1080  OC5  temperature  of  the  second  and  final 
deformation  =  1050  oC;  and  air  cooling  immedia¬ 
tely  following  the  final  deformation  at  a  rate 
of  between  50  and  250OC/min.  Under  these  con¬ 
ditions,  the  30MSiV62  steel  would  attain  a  very 
fine  ferrite  and  perlite  microstructure  -  9/10 
ASTM  -  of  high  characteristics. 

Evidently,  the  decision  to  reduce  the  forg¬ 
ing  process  temperatures  of  these  steels  re¬ 
quires  adequate  control  of  all  the  thermal  and 
deformation  parameters,  and  necessarily  implies 
that  the  modification  of  certain  operational 
and  design  aspects  affected  by  this  decision  be 
suitably  addressed. 
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ABSTRACT 

Uniform  deformability  of  steel  plates  which 
relates  to  yield  ratio  is  one  of  the  important 
engineering  properties  for  the  safety  of  the 
large  scale  steel  structures  under  severe 
loading  conditions.  In  order  to  develop  the 
heavy  gauge  60  kgf/m‘  class  tensile  strength 
steel  plate  with  low  yield  ratio,  the  influences 
of  heat  treatment  conditions  and  Thermo- 
Hechanical  Control  Process  (TMCP)  on  yield  and 
tensile  strengthes  and  yield  ratio  were 
investigated.  Test  results  of  laboratory  studies 
showed  that  both  of  high  strength  and  low  yield 
ratio  can  be  achieved  by  quenching  from 
appropriate  dual -phase  (a +  7)  temperature  (Q*) 
following  after  pre-treatment.  On  the  basis  of 
above  studies,  low  YR  60  kgf/mm’  class  steel 
plate  with  80  mm  thickness  was  produced  by  QQ'T 
and  TMCP-<}'T  processes  in  a  mill  scale.  The  YR 
of  mill  trial  steel  plates  was  sufficiently  low 
value  below  80  Z.  In  addition,  fracture 
toughness  and  weldability  were  also  sufficient 
as  heavy  gauge  60  kgf/imi’  class  steel  plate. 


YIELD  RATIO  OF  STRUCTURAL  STEEL  PLATES  is 
one  of  the  important  engineering  properties" 
which  controls  uniform  plastic  deformability  of 
steel  structures  under  severe  loading  conditions 
(ex.  seismic  load).  Lowering  of  yield  ratio  (YR: 
yield  strength/ultimate  tensile  strength)  is 
effective  to  improve  the  uniform  deformability, 
however,  YR  of  steels  generally  increases  as 
tensile  strength  increases.  The  change  of  YR 
relates  to  microstructure.  For  example,  the  YR 
of  tempered  bainite  and/or  martensite  steels  is 
higher  than  that  of  ferrite-pearl ite  steels. 

On  the  other  hand,  the  high  strength  steel 
plates  above  60  kgf/nm’  class  tensile  strength 
produced  by  quenching  and  tempering  (QT)  process 
have  many  advantages  of  reducing  component 
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weight,  saving  welding  cost  and  so  on.  It  is 
expected  that  the  development  of  high  strength 
steel  plate  with  low  YR  extends  the  application 
of  hi^  strength  steel  plate  to  larger  scale 
steel  structures  which  are  required  high 
resistance  against  catastrophic  failure. 

In  the  present  paper,  in  order  to  develop 
the  60  kgf/mm*  class  tensile  strength  steel 
plates  (tensile  strength?58  kgf/mm’)  with  low 
YR,  influences  of  heat  treatment  and 
microstructures  on  YR  were  investigated.  On  the 
basis  of  these  fundamental  studies,  60  kgf/mm‘ 
class  steel  plates  with  low  YR  (plate  thickness 
:  80mm)  were  manufactured  in  a  mill  scale,  and 
mechanical  properties  of  base  natal  and  welded 
joints  were  examined  in  detail.  Application  of 
Thermo-Mechanical  Control  Process  (TMCP)  to 
manufacturing  high  strength  steel  plates  with 
low  YR  was  also  investigated  in  this  study. 


PRELIMINARY  STUDIES  ON  LOW  YR 
HIGH  STRENGTH  STEEL  PLATE 

Generally,  YR  of  steel  plate  tends  to 
decrease  in  the  case  of  microstructnre  with  high 
density  of  movable  dislocations  such  as  as- 
quenched  bainite  and  martensite.  Microstmcture 
such  as  ferrite,  which  can  easily  initiate  and 
multificate  movable  dislocations,  also 
contributes  to  decrease  YR.  In  such  steels, 
yield  strength  (YS)  can  be  decreased,  because 
plastic  deformation  is  induced  by  a  little 
strain.  On  the  other  hand,  metallurgical  factors 
controlling  tensile  strength  (TS)  are  different 
from  those  of  YS.  The  TS  of  steels  relates  to 
solid-solution  strengthening,  volume  fraction  of 
the  second  phase,  and  work  hardened  ratio  of 
matrix  and  second  phase. 

Since  the  controlling  factors  of  TS  are 
different  from  YS  and  YR,  in  order  to  produce 
the  steel  plates  with  high  TS  and  low  YR,  it  is 
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necessary  to  control  YS  and  TS  independently. 
Fro*  the  considerations  on  dislocation  behavior 
described  above  and  fro«  the  studies*'  *>'•> 
carried  out  for  the  developenent  of  80  kgf/i«i’ 
class  tensile  strength  steel  plate  with  low  YR, 
it  is  confimed  that  control  of  the  ferrite 
volune  fraction  and  high  strength  second  phase 
voluae  fraction  is  aost  effecient  for  lowering 
YR  and  obtaining  high  strength.  The  desirable 
aixed  aicrostructures,  which  satisfy  both  of 
high  strength  and  low  YR,  are  bainitic 
microstructure  containing  ferrite.  This  aixed 
microstructure  can  be  obtained  by  quenching  froa 
appropriate  dual -phase  (a+r  phases) 
teaperature  (Q*  treataent) . 

Figure  1  shows  the  influence  of  Q* 
teaperature  on  grain  size  and  aartensite  voluae 
fraction  of  the  high  strength  steel  plate**. 
Ferrite  grain  size  decreases  as  the  Q' 
teaperature  increases.  On  the  other  hand,  grain 
size  of  martensite  and  its  voluae  fraction 


Fig,  )  Influence  of  Q’  teaperature  on  grain 
size  and  aartensite  voluae  fraction 


increase  with  an  increase  of  Q'  temperature. 
Therefore,  in  order  to  obtain  the  appropriate 
mixed  microstructure,  optimum  Q'  teaperature 
should  be  determined  by  considering  the  change 
of  dual -phase  temperature  range  due  to  chemical 
composition. 

In  this  study,  rapid  cooling  treatment  was 
performed  as  pre-treatment  in  order  to  refine 
the  mixed  microstructures  uniformly.  The  rapid 
cooling  treatment  is  effective  to  disperse 
refined  carbides  which  can  become  austenite 
transformation  sites  during  reheating  at  dual¬ 
phase  region.  In  addition,  the  application  of 
TMCP  to  pre-treatment  was  also  investigated  in  a 
mill  trial.  One  of  the  beneficial  effects  of 
TMCP  is  an  increase  of  strength  without 
contribution  of  additional  alloying  elements.  It 
is  expected  that  application  of  TMCP  can  also 
exert  such  profitable  effect  on  the  production 
of  low  YR  high  strength  steel  plates. 


LAB0RAT(»Y  STUDIES 

EXPERIMENTAL  PROCEDURE  -  Table  I  shows  the 
aimed  mechanical  properties  of  the  60  kgf/ma* 
class  tensile  strength  steel  plates  with  low  YR. 
The  plate  thickness  is  determined  as  80  im  by 
taking  account  of  application  to  the  large  scale 
steel  structures.  The  steel  plates  above  58 
kgf/ma*  tensile  strength  are  included  in  the 
category  of  60  kgf/ma*  class  steel  plates  as 
shown  in  Table  1 ,  and  YR  is  aimed  to  be  below 
85Z  in  this  study. 

The  steel  plate  prepared  for  the  simulation 
of  heat  treataent  is  a  60  kgf/ma*  class  high 
strength  low  alloy  steel  plate  with  chemical 
composition  shown  in  Table  2.  The  thickness  was 
reduced  from  90  mm  to  80  ma  by  machining. 

Table  1  Aimed  properties  of  bOkgf/ma*  class 
tensile  strength  steel  plate 

YS  i  TS  ^"YR  ^  vEo  Thick- 

kgf/ma*  I  kgf/ma'-’  !  %  '  kgf«m  l  ness(na) 

- 1 - 1 - 1 - 1 - 

I  '  ' 

>  A4  I  >  58  I  <  85  ;  >  5.0  I  80 


Table  2  Chemical  composition  of  steel  tested 


t  ma 

C  Si 

Mn 

■BH 

s 

gum 

Cr 

Mo 

V  i  C  eq 

0.13  0.25 

1.48 

0.17 

NOTE  :  used  for  labo.  simulation. 
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TEST  RESULTS  AND  DISCUSSION  -  Fig.  2  shows 
the  influence  of  Q'  tenperature  on  mechanical 
properties  of  the  rapid-cooling-Q'T{QQ'T) 
processed  steel  plates.  The  YS,  TS  and  YR 
slightly  decrease  at  first  and  then  increase 
with  an  increase  of  Q'  temperature.  With  respect 
to  toughness  of  Charpy-impact  test,  vTs 
(50XFATT)  is  sufficiently  low  (below  -90  “O 
under  Q'  temperature  from  7A0  to  810  °C  •  The 
range  of  Q'  temperature  which  satisfies  the 
aimed  mechanical  properties  (YS>A4  kgf/mm’, 
TS>58  kgf/mm*,  YR«85X)  is  wide  enough  to  stably 
produce  60  kgf/mm*  class  steel  plate  with  low 
YR.  In  addition  to  low  YR,  toughness  is  also 
improved  through  refinement  of  microstructures 
by  Q'  treatment. 

Influence  of  Q'  temperature  on 
microstructures  is  shown  in  Fig.  3.  The 
microstructure  before  Q'  treatment  is  mainly 
bainite.  The  volume  fraction  of  deeply  etched 
raicrostructurc  tends  to  increase  with  an 
increase  of  Q'  tenperature.  These 
microstructures  are  bainite  or  martensite  which 
enriches  alloying  elements,  and  they  were  re- 
transformed  from  austenite  which  had  transformed 


Fig.  2  Influence  of  Q'  temperature  on 
mechanical  properties 


during  reheating  in  dual-phase  region.  Fig. 
shows  the  scanning  electron  micrographs  (SEM)  of 
the  same  heat-treated  steel  plates.  Bainite  and 
recrystal lized  ferrite  with  carbides  can  be 
observed  in  the  Q'  treated  steels.  The  bainite 
with  coarsened  carbides  is  retained  bainite 
which  is  tempered  at  dual-phase  temperature. 

The  observations  of  microstmeture  indicate 
that  the  nixed  microstructures  obtained  after  Q’ 
treatment  are  consisted  of  re-transfomcd 
bainite  and/or  martensite,  bainite  with 
coarsened  carbides  and  recrystallized  ferrite 
with  carbides.  It  is  confirmed  that  the  Q' 
treatment  is  effective  to  obtain  ferrite  which 
can  decrease  YR. 


Fig.  3  Influence  of  Q'  temperature  on 
microstmeture 


QQ-  (8  I  0^)  T 


Fig.  4  Scanning  electron  micrographs  (SD1) 
of  the  steel  plates  under  various  Q' 
conditions 
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MILL  TRIAL  STEEL  PLATES 

MECHANICAL  PRWERTIES  OF  BASE  METAL  -  On 
the  basis  of  laboratory  studies  described 
proceeding  Chapter,  mill  trial  was  performed  to 
manufacture  60  kgf/mm*  class  low  YR  steel 
plates.  The  chemical  composition  and 
manufacturing  conditions  of  a  mill  trial  steel 
plates  with  80  mm  thickness  are  shown  in  Table 
3.  Manufacturing  processes  employed  were  QQ'T 
and  TMCP-Q'T  processes.  Conventional  QT  steel 
plate  with  80  mm  thickness  was  also  produced  by 
using  the  same  heat  for  comparison. 

Fig.  5  shows  the  microstructures  of  QQ'T, 
TMCP-Q'T  and  conventional  QT  steel  plates. 
Bainite  with  re-transformed  bainite  and/or 
martensite  and  ferrite  recrystallized  by  Q' 
treatment  can  be  observed  in  microstructures  of 
QQ'T  and  TMCP-Q'T  steel  plates.  The  grain  size 
of  TMCP-Q'T  steel  plate  is  slightly  larger  than 
that  of  QQ'T  steel  plate.  Transmission  electron 
micrographs  of  QQ'T  steel  plates  are  shown  in 
Fig.  6.  Ferrite  with  low  dislocation  density, 
and  bainite  with  laths  and  carbides  can  be 
observed.  It  is  confirmed  that  the  bainitic 
microstructure  with  ferrite  is  also  obtained  in 
the  mill  trial  steel  plate  produced  by  Q' 
treatment. 

Figure  7  shows  the  results  of  tensile  test 
and  Charpy-impact  test  on  QQ'T,  TMCP-Q'T  and 
conventional  QT  steel  plates.  The  YS,  TS  and  YR 
of  QQ'T  steel  plate  satisfy  the  aimed  value 
listed  in  Table  1,  and  YR  achieves  below  80  i. 
In  the  case  of  conventional  QT  processed  steel 
plate,  their  YS,  TS  and  YR  are  higher  than  those 
of  QQ'T  and  TMCP-Q'T  ones.  The  strength  of  TMCP- 
Q'T  steel  plate  is  higher  than  that  of  QQ'T  one, 
although  the  tempering  temperature  of  TMCP-Q'T 
steel  plate  is  higher  than  that  of  QQ'T  one. 
This  result  indicates  that  an  increase  of 
strength  caused  by  TMCP  inherites  even  after  Q' 
treatment . 

The  50  I  FATT  of  Charpy-impact  test  results 
of  TMCP-Q'T  steel  plate  is  slightly  higher  than 
that  of  QQ'T  one  due  to  coarsening  grain  size  as 


shown  in  Fig.  5.  However,  its  50  X  FATT  is  low 
enough  as  heavy  gauge  60  kgf/mm*  class  steel 
plate.  It  is  possible  to  obtain  finer  grain  size 
by  control  of  TMCP  conditions  such  as  slab 
reheating  temperature,  finish-rolling 
temperature,  water-cooling  conditions  and  so 
on. 


Fig.  5  Microstructures  of  QQ'T,  TMCP-Q'T 
and  conventional  QT  processed  steel 
plates 


Fig.  6  Transmission  electron  micrographs  of 
QQ'T  processed  steel  plate 


Table  3  Chemical  composition  and  manufacturing  conditions 
of  mill  trial  steel  plates 

wtZ 


rr 

1 

Mn  [’ 

S 

Cu 

Ni 

C  r  Mo 

V 

C  eq 

80  ,0.13  0.25 

1.64  0.012 

0.002 

0.21 

0.20 

0.08  0.17 

0.06 

0.65 

Manufacturing  conditions 

tempering  temp.:  QQ'T  ;  58(rC:,  TMCP-<)'T  ;  62(rC.  QT  ;  bOOT 
Q'  temp.  :  780T 

TMCP  condition  :  slab  reheating  temp.  ;  105(rC 
finish-rolling  temp.  ;  800T! 

finish-cooling  temp.  ;  <20(rC 
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The  examples  of  stress-strain  curves  of 
tested  plates  are  shown  in  Fig.  8.  The  unifom 
elongation  of  QQ'T  and  TMCP-Q'T  steel  plates  is 
improved  up  to  Z  in  addition  to  low  YR.  (hi 
the  other  hand,  the  uniform  elongation  of 
conventional  (JT  processed  steel  plate  is  about 
9-10  Z. 

Figure  9  shows  the  tensile  test  results  of 
small-size  specimens  sampled  from  seven 
locations  in  the  thickness.  The  variation  of  YS, 
TS  and  YR  of  ()Q’T  and  TMCP-Q’T  steel  plates  in 
the  thickness  is  much  slighter  compared  with 
those  of  conventional  (JT  one.  Moreover,  ()Q'T  and 
TMCT-()'T  steel  plates  achieves  sufficiently  low 
YR  (YR<80Z)  at  any  location  in  the  thickness. 
Despite  heavy  gauge  steel  plate,  uniform 
mechanical  properties  of  ()Q'T  steel  plate  are 
demonstrated  by  this  mill  trial. 

Table  k  shows  the  results  of  drop  weight 
test  of  QQ'T  and  TMCP-Q’T  steel  plates.  Their 
NDT  temperatures  are  -80  V  and  -75  °C 
respectively.  CTOD  test  results  of  QQ’T 
processed  steel  plate  are  shown  in  Fig.  10.  It 
is  shown  that  the  CTOD  value  is  larger  than  0.6 
ram  even  at  -60T! . 


Fig.  7  Mechanical  properties  of  ()Q’T,  TMCP- 
Q’T  and  conventional  Cf?  processed 
steel  plates 


As  same  as  the  tensile  properties, 
sufficiently  good  properties  as  60  kgf/nm*  class 
steel  plate  with  heavy  gauge  were  obtained  in 
both  of  drop  weight  test  and  CT(®  test.  The 
improvement  of  fracture  toughness  is  attributed 
to  refinement  of  microstructure  and  an  increase 
of  uniform  elongation  by  Q’  treatment.  By  this 
improvement  of  toughness,  high  strength  steel 
plates  with  low  YR  can  be  applied  not  only  to 
large  scale  steel-structures  but  also  to  other 
structures  which  are  required  high  resistance 
against  brittle  fracture. 

WELDABILITY  OF  QQ’T  PROCESSED  STEEL  PLATES 
-  Three  types  of  welding  and  Tekken  type  Y- 
groove  cracking  test  are  performed  for 
examination  of  the  weldability  of  (}Q’T  steel 
plate. 

Table  5  shows  the  welding  conditions  of 
Submerge  Arc  Welding  (SAW)  and  C0;-Gas  Shielded 
Arc  Welding  {(X),-CSAW).  The  heat  input  condition 
of  SAW  is  4.5  lU/mm  and  that  of  C0,-(SAW  is  2.5 
kJ/nmi  respectively.  Table  6  shows  the  welding 
conditions  of  Electro  Slag  Welding  (ESW)  under 
high  heat  input  at  133  kJ/mm.  SAW  and  (Xl^-GSAW 
are  generally  employed  for  construction  of  steel 
structures.  ESW  with  high  heat  input  is  employed 
for  construction  of  large  scale  steel  structures 
using  heavy  gauge  steel  plates. 

Table  7  shows  the  results  of  tensile  test, 
Charpy-impact  test  and  maximum  hardness  of  SAW 
and  C0,-GSAW  welded  joints.  Tensile  strength  and 
(Sharpy  absorbed  energy  at  0  °C  (vEn)  are  high 
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Fig.  8  Stress-  strain  curves  of  ()Q’T,  TMCP 
Q’T  and  conventional  (jT  processed 
steel  plates  (specimen  :  d=4mm) 
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enough  and  satisfy  the  aimed  value.  Maximum 
hardness  of  CX),-GSAW  joint  is  Hv  257. 

Table  8  shows  the  mechanical  properties  of 
ESW  welded  joints.  The  tensile  strengthes  are 
above  60  kgf/mm’  and  toughnesses  of  Weld 
Metal (WM)  and  Heat  Affected  Zone(HAZ)  satisfy 
the  aimed  value.  The  minimum  hardness  of  ESW 
welded  joint  is  Hv  171. 

Tekken  type  Y-groove  cracking  test  is  also 
shown  in  Table  7.  Pre-heating  temperature  for 
preventing  from  weld-cold  cracking  is 
sufficiently  low  temperature  below  1(X)  °C  • 

Both  of  the  mechanical  properties  of  SAW, 
COj-GSAW  and  ESW,  and  results  of  Y-groove 


Table  6  Welding  conditions  of  ESW  with 
high  heat  input 


1 

1 

1  L'S  49 

rnaUTiais 

i  MF 

Arc  v'lltaKO* 

42  V 

WftciinK  current 

■  j  4r)0A 

Speed 

i  17  mm  min 

Hoa!  input*  I  KU  kj  mm 


I 


*Tw(> 

electrodes 


cracking  test  are  sufficient  as  the  heavy  gauge 
60  kgf/mm*  class  steel  plate. 


CONCLUSIffll 

The  low  YR  steel  plate  with  60  kgf/mm* 
class  tensile  strength  (TS>58  kgf/mm')  was 
developed  on  the  basis  of  the  investigations  on 
the  influences  of  heat  treatment  and  TMCP 
conditions  on  YR.  Test  results  obtained  in  this 
study  are  as  follows. 

(1)  Ferrite  which  can  easily  initiate  and 
multificate  movable  dislocations  is  effective  to 
decrease  YR.  Both  of  low  YR  and  high  strength 
can  be  achieved  by  controlling  bainitic 
microstructure  with  ferrite. 

(2)  The  Q'  heat  treatment  at  appropriate  dual¬ 
phase  temperature  makes  it  possible  to  obtain 
the  desirable  mixed  microstructure.  It  was 
confirmed  that  low  YR  60  kgf/iimi‘  class  steel 
plates  can  be  produced  by  QQ'T  and  TMCP-Q'T 
processes. 

(3)  Despite  heavy  gauge  steel  plates  (80  mn 
thickness) ,  stably  high  strength  and  low  YR  of 
QQ'T  and  TMCP-Q'T  steel  plates  are  demonstrated 
by  a  mill  trial. 

(4)  In  addition,  uniform  elongation,  Charpy- 
impact  properties  and  fracture  toughness  are 
improved  by  Q'  treatment  through  refinement  of 
microstructure. 


Table  7 


Mechanical  properties  of  welded  joints  (SAW  and  C0,-GSAW) 
and  Y-groove  cracking  test  result 


Welding 

Heat 

Tensile 

test 

Charpy  impact  test 

Maximum  i 

Y-groove 

method 

input 

TS  1 

Frac. 

Posi .  i 

vEo  kgf- 

n 

hardness  { 

cracking 

.J/mm 

kgf/mm*  I 

post  J 

i 

WM 

FL 

HAZ 

Hv(lO)  ! 

test  'C 

SAW  ' 

4.5 

65.4  1 

WM  ! 

l/4t  1 

10.7 

12.1 

28.8 

251  1 

65.4  ; 

WM  i 

1/2t  i 

10.1 

11.4 

32.2 

1 

100 

CO.-  1 

2.5 

66.2  1 

BM  1 

l/4t  1 

13.7 

18.8 

33.5 

257  i 

C  S  A  W  1 

66.9  ' 

WM  ! 

> 

1/2t  i 

10.0 

32.7 

36.4 

Table  8  Mechanical  properties  of  high  heat  input  welded  joints  (ESW) 
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(5)  Mechanical  properties  of  welded  joints  of 
SAW,  CO,-GSAW,  and  ESW  are  sufficient  as  60 
kgf/iwi*  class  tensile  strength  steel  plates. 
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COHERENT  AND  INCOHERENT  PRECIPITATION 
FORMED  DURING  HOT  PROCESSING  AND 
PLATES  AND  STRIPS  IN  HSLA  STEELS 


V.  Leroy,  J.  C.  Herman 

Centre  de  Recherches  Metallurgiques.  rue  E,  Solvay 
11  B-4000  Liege,  Belgium 


It  IS  now  well  accepted  that  grain  refinement 
and  precipitates  size  distribution  play  an 
important  role  in  determining  the  mechanical 
properties  of  high  strength  microalloyed 
steels.  As  far  as  precipitation  is  concerned, 
the  particle  size  distribution  in  the  as- 
rolled  condition  IS  influenced  by  the  thermo- 
mechanical  parameters  as  well  as  steel  com¬ 
position  (  1  -  2  -  3  -  4 )  . 

After  solid  solution  treatment 
during  slab  reheating,  it  is  possible  to  form 
precipitates  in  the  metallic  matrix  at  each 
stage  of  the  whole  hot  processing  treatment; 
precipitates  differ  from  one  another  in 
shape,  size,  distribution  and  interfacial 
energy  according  to  the  temperature  at  which 
they  are  formed  ( 5 ) , 

In  this  problem,  it  is  usual  to  make 
a  distinction  between  -. 

undissolved  particles  after  reheating 
which  contribute  to  prior  austenite  grain 
size  control, 

the  strain  induced  precipitation  formed 
during  hot  deformation  which  controls  to 
some  extent  the  austenite  recrystalli- 
sation  process , 

the  transformation  induced  precipitation 
which  IS  formed  at  the  y/a  transformation 
and  appears  random  or  aligned  in  the 
transformation  interface 

the  low  temperature  precipitation 
observed  in  the  transformation  products 
such  as  ferrite  or  acicular  ferrite,  this 
latest  precipitation  is  formed  at  lower 
temperature  during  cooling,  coiling  or 
tempering . 

It  IS  generally  accepted  that  strain 
or  transformation  induced  precipitations 
formed  at  high  temperature  are  incoherent 
with  the  metallic  matrix  and  control  the 
recrystallisation  and  grain  growth  of  auste 
nite  or  transformed  ferrite.  On  the  contrary, 
precipitates  formed  at  lower  temperature  are 
coherent  with  tne  parent  matrix  and  conse 


quently  such  precipitation  is  particularly 
suited  for  improving  tensile  properties  of 
the  product  in  the  as-rolled  condition. 

In  addition,  it  may  be  assumed  that 
Che  balance  between  incoherent  and  coherent 
fractions  will  be  closely  related  to  steel 
composition  and  processing  parameters  such  as 
hot  deformation  temperature.  cumulative 
strain  and  interpass  time  in  the  finishing 
mill,  accelerated  cooling  on  the  run-out 
table  and  coiling  temperature. 

In  a  previous  paper  (6),  we  have 
shown  how  it  is  possible  to  quantify  the 
influence  of  some  processing  parameters  on 
the  incoherent -coherent  precipitation  balance 
in  th .  case  of  Ti  bearing  HSLA  steels.  This 
evaluation  was  mainly  based  on  chemical  ana¬ 
lysis  of  selective  electrolytic  dissolved 
specimens  previously  deformed  in  a  multi-pas' 
hot  compression  testing  equipment  and 
quenched  at  different  steps  of  the  hot 
processing  cycle. 

This  study  has  shown  that  finishing 
temperature  near  950’C  combined  with  largo 
cumulative  strain  and  longer  interpass  time 
increase  the  strain  induced  incoherent 
precipitation  for  Ti  HSLA  steels.  Reducing 
the  y/a  transformation  temperature,  tor 
example  by  adjusting  the  steel  composition, 
or  increasing  the  cooling  rate  change  part  of 
the  precipitation  from  incoherent  to  coherent 
type.  In  addition,  it  was  shown  that  the 
hardening  effect  of  the  coherent  Ti  carbide 
precipitation  is  equal  to  3  000  MPa/7.,  what  is 
rather  in  good  agreement  with  theoretical 
evaluation 

The  present  study  is  mainly  aimed  to 
extend  the  work  to  the  case  of  Nb  micro- 
allcyed  steels  in  view  to  quantify  the  kine¬ 
tics  of  both  incoherent  and  coherent  precipi 
tations.  It  IS  also  intended  to  define  the 
influence  of  some  processing  parameters  as 
well  as  steel  compos 'tion 
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The  compositions  of  the  steels  used  in  this 
study  are  listed  in  table  1.  These  materials 
were  produced  as  vacuum  induction  melted 
laboratory  ingots.  After  homogeneisation  at 
I200*C.  the  ingots  were  hot  forged  to  plates 
25  mm  thick  which  were  air  cooled  to  room 
temperature . 

Test  specimens  for  hot  deformation 
study  were  cylinders  (20  mm  in  diameter.  20 
mm  in  height)  removed  from  the  hot  forged 
plates  . 

Simulation  of  the  different  thermo¬ 
mechanical  process  were  carried  out  in 
compression  on  a  TMT-S  equipment  (Thermo 
Mechanical  Treatment-Simulator).  This  equip¬ 
ment  based  on  a  computer  controlled  MTS 
hydraulic  machine  performs  multi-pas| 
compression  tests  (strain  rate  e  =  30  s 
max,  interpass  time  tip  =  O.t  s  min).  The 
deformation  law  (strain  rate  versus  strain) 
is  adapted  at  each  deformation  step  according 
to  the  simulated  rolling  schedule.  Glass 
lubricant  is  applied  to  reduce  friction  and 
barrelling.  A  high  speed  manipulator  is  used 
vor  positioning  test  specimens  equipped  with 
thermocouple  inserted  in  the  mid-section.  The 
transfer  of  specimens  between  the  reheating 
furnace,  the  compression  testing  equipment, 
the  cooling  device  (1  to  lOO'C/s)  and  the 
coiling  furnace  is  made  by  means  of  the  same 
manipulator.  At  any  step  of  the  thermomecha¬ 
nical  cycle,  the  sample  may  be  water  quenched 
Within  1  second  for  precipitation  analysis. 
The  amount  of  incoherent  precipitates  in  test 
specimens  is  measured  by  selective  electro¬ 
lytic  dissolution  (152  KBr,  hi  citric  acid. 
pH  =  2 ,  -  0.150  V/SCE)  of  the  metallic 

matrix,  filtration  on  a  millipore  membrane 
with  a  rated  pore  size  of  250  k,  alkaline 
fusion  of  filter  residues  and  ICP  analysis. 
For  any  quenched  test  specimen,  the  coherent 
fraction  related  to  any  microalloying  element 
is  assumed  to  be  equal  to  the  difference 
between  the  to:al  soluble  content 


as  measured  after  reheating  treatment  and  the 
measured  incoherent  fraction. 

The  precipitation  hardening  effect 
IS  deduced  from  hardness  measurement  made  at 
the  thermocouple  location  and  expressed  in 
terms  of  tensile  strength  after  correction 
for  grain  size  variation  made  by  OTM  720. 

RESULTS  AND  DISCUSSION 

KINETICS  OF  PRECIPITATION  DURING  HOT 
PROCESSING  -  After  reheating  at  1200’C,  Nb 
steel  23  specimens  were  hot  deformed  with  a 
constant  deformation  schedule  ( e  •.  5  x  0.20  - 
e  =  2  s  -  tip  =  2s).  Figure  1  gives  the 

evolution  of  incoherent  precipitation  as 
measured  in  test  specimens  quenched  at  diffe¬ 
rent  steps  of  the  processing  cycle.  The 
deformation  temperature  was  respectively  1075 
and  950‘C  in  these  tests.  For  comparison 
purpose,  the  same  figure  gives  the  dependence 
of  the  incoherent  Ti  carbide  fraction  as 
measured  in  a  previous  work  (6)  for  a  Ti- 
steel  ( steel  12). 

These  results  show  that  no  precipi¬ 
tation  is  observed  during  cooling  (1.5*C/s) 
from  the  reheating  temperature  to  the  start 
of  hot  deformation.  As  soon  as  deformation  is 
applied,  incoherent  precipitation  is  detected 
which,  for  such  reason.  is  called  "strain 
induced  precipitation".  For  both  steels,  it 
appears  clearly  that  this  strain  induced  pre¬ 
cipitation  increases  by  lowering  the  defor¬ 
mation  temperature. 

During  cooling  from  finishing 
temperature  to  the  t/a  transformation 
temperature  the  incoherent  precipitation  does 
not  progress  or  just  a  few.  Depending  on 
deformation  temperature  (and  other  parameters 
to  be  precised  later  on),  the  kinetic  of 
precipitation  changes  drastically  within  the 
transformation  gap  (750-70D‘C);  the  larger 
difference  in  terms  of  "transformation 
induced  precipitation'  is  observed  for 
Ti-steel.  Ho  more  evolution  is  observed 
during  additional  cooling  down  to  room 
temperature . 


Table  I  - 

Chemical 
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of 
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steels 
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Si 

S 

P 
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23 
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6 
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22 
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C 

Ti 

41 
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At  the  same  figure  are  reported  the 
tensile  strengths  corrected  for  grain  size 
(TS  -  12.16  d’  of  the  as-rolled  products 

which  appear  to  be  inversely  correlated  to 
the  incoherent  precipitation  fraction. 

EFFECT  OF  COOLING  RATE  AND  STEEL 
COMPOSITION  -  The  same  procedure  was  applied 
to  Nb  steel  (23),  low  Mn-Nb  steel  (24)  and 
low  C-Nb  steel  (25)  for  which  the  total  Nb 
content  is  approximately  constant.  Figure  2 
gives  for  steel  23  the  dependence  of  the 
incoherent  carbo-nitride  precipitation  as 
measured  for  two  different  deformation 
temperatures  and  two  different  cooling  rates. 

The  previous  conclusion  holds  for 
all  experimental  conditions  and  it  is 
observed  in  addition  that  an  increase  in 
cooling  rate  lowers  the  incoherent  fraction 
measured  on  the  end  product. 

As  far  as  steel  composition  is 
concerned,  it  is  clearly  observed  in  figure  3 
that  lowering  the  manganese  content  (steel 
24)  results  in  an  increase  of  the  incoherent 
fraction  due  to  the  fact  that  the  y/a  trans¬ 
formation  temperature  is  higher  for  this 
steel . 

It  may  be  concluded  that  tht  effec¬ 
tiveness  of  the  cooling  treatment  to  promote 
coherent  precipitation  is  increased  when  the 
y/a  transformation  occurs  at  lower  tempera¬ 
ture  what  can  also  be  related  to  the  state  of 
the  strained  austenite. 

Comparing  the  reference  Nb  steel 
(23)  to  the  low  C-Nb  steel  (25),  it  is  also 
evident  that  the  amounts  of  strain  induced 
precipitation  as  well  as  transformation 
induced  precipitation  are  lower  for  the  low 
C-Nb  steel,  owing  to  the  limited  niobium 
sursaturation  in  strained  austenite  and  in 
ferrite . 

In  this  respect,  it  is  generally 
assumed  that  incoherent  and  coherent  preci¬ 
pitation  are  carbo-nitride  in  the  case  of  Nb 
HSLA  steels.  We  have  tried  to  check  this 
assessment  for  strain  induced  precipitation 
by  quenching  test  specimens  with  different 
Mn ,  C  and  N  contents  after  a  same  reheating 
treatment  (1200"C)  and  hot  deformation 
process  (950'C  -  e  =  5  x  0.20  -  €  =  2  s 

tip  =  2s ) . 

Figure  4  gives  the  dependence  of  the 
strain  induced  precipitation  as  a  function  of 
the  total  nitrogen  content  for  reference  Nb 
steels,  low  Mn  Nb  steels  and  low  C  Nb  steels. 
These  results  show  clearly  how  nitrogen 
promotes  the  formation  of  the  incoherent 
strain  induced  precipitation  formed  at  rather 
high  temperature;  from  such  results,  it  can 
be  also  anticipated  that  nitrogen  would  lower 
the  formation  of  coherent  fraction  respon¬ 
sible  for  steel  hardening,  as  we  discuss 
hereafter  . 

HARDENING  DUE  TO  COHERENT  PRECIPI¬ 
TATION  -  The  amount  of  coherent  precipitation 
in  the  end  product  is  derived  from  the  measu¬ 
rements  of  both  the  soluble  content  after 


NITROGEN  CONTENT  IV.I 

Fig.  4  -  Effect  of  nitrogen  and  carbon 

contents  on  strain  induced  precipitation  in 
Nb- steels . 

reheating  and  the  incoherent  fraction  in  the 
as-rolled  material.  It  is  interesting  to 
correlate  this  coherent  fraction  whith  the 
precipitation  hardening  measured  for  the 
different  test  specimens  processed  in  the 
present  work. 

Mixing  all  the  results,  taking  into 
account  the  solid  solution  hardening  due  to 
actual  Mn  and  Si  contents  as  well  as  the 
phase  hardening  due  to  different  perlite 
content  (as  measured  by  QTM  T20),  it  is 
possible  to  deduce  a  mean  precipitation 
hardening  value  equal  to  2200  MPa  / 7.  for  the 
coherent  Nb  carbo-nitride  precipitation,  as 
shown  in  figure  5. 

It  IS  interesting  to  observe  that, 
in  a  previous  work,  the  precipitation  harde¬ 
ning  coefficient  of  the  coherent  precipita¬ 
tion  was  measured  equal  to  3000  MPa/7  for 
Ti -HSLA  steels  ( 6  )  . 

Such  values  are  in  good  agreement 
with  ASHBY-OROWAN  theoretical  assessments  of 
maximum  hardening  effect  due  to  optimized 
random  distribution  of  particles  20-40  %  in 
diameter  ( 7 ) , 

In  conclusion,  it  appears  that 
precipitation  hardening  is  mainly  improved  by 
the  ihcrease  of  the  coherent  fraction  which, 
in  turn,  is  depending  on  deformation  tempe 
rature,  interpass-time  during  hot-rolling, 
cooling  rate  at  the  transformation  tempera¬ 
ture  and  chemical  composition  (C-N-MnI  of 
steels  . 

With  respect  to  steel  composition, 
the  ihfluence  of  carbon  and  manganese  con¬ 
tents  on  mechanical  properties  in  the  as 
rolled  condition,  is  well  known;  it  is 
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Fig.  5  -  Hardening  due  to  coherent  precipita¬ 
tion  in  Nb  and  Ti  HSLA  steels. 

perhaps  more  interesting  to  focus  in  some 
more  details  on  the  influence  of  nitrogen. 

Figure  6  gives  the  tensile  strength 
as  a  function  of  hot  deformation  temrerature 
for  several  Nb  steels  with  variable  nitrogen 
content  (reheating  1200'C  -  deformation 
schedule  as  above  -  cooling  to  room  tempera¬ 
ture).  For  both  low  and  normal  carbon  con¬ 
tents,  one  observes  that  a  reduced  nitrogen 
content  results  in  higher  tensile  strength 
for  as-rolled  steels.  This  effect  is  in 
qualitative  agreement  with  the  reduced 
formation  of  incoherent  precipitation  due  to 
a  lower  nitrogen  content  (fig.  1).  However 
the  tensile  strength  increase  is  greater  than 
It  could  be  deduced  by  gust  transforming  part 
of  the  incoherent  fraction  in  a  coherent  pre¬ 
cipitation  taking  into  account  a  hardening 
coefficient  equal  to  2200  MPa/Z.  It  probably 
means  that  the  hardening  coefficient  of  cohe¬ 
rent  precipitation  could  be  greater  for  car¬ 
bide  than  for  carbo-nitride . 

EFFECT  OF  ACCELERATED  COOLING  RATE  - 
To  investigate  the  possibilities  of  accele¬ 
rated  cooling  on  the  run-out  table  of  a  hot 
strip  mill,  the  preceding  work  has  been 
extended  to  cooling  rate  ranging  from  6  up  to 
80'C/s  in  the  case  of  both  Nb  and  Ti  bearing 
steels  . 

The  reheating  temperature  and  hot 
deformation  schedule  were  kept  constant  as  in 
the  here-above  work,  except  for  the  deforma¬ 
tion  temperature  equal  to  900'c.  The  influ¬ 
ence  of  cooling  rate  on  the  tensile  strength 
IS  reported  in  figure  7  for  all  the  steels. 
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Fig,  6  -  Effects  of  deformation  temperature 
and  nitrogen  content  on  the  resistance  of 
Nb-steels.  Reheating  :  1200’C,  deformation  ; 
5  X  20/.-tip  2s,  cooling  rate  ;  3-i*C  to 
room  temperature. 
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Fig.  7  -  Effect  of  cooling  rates  on  tensile 
strength  of  Nb  and  Ti  HSLA  steels^ -ooled  down 
to  room  temperature  [except  C  coiled  at 
600'C]  . 
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As  expected,  it  appears  that  accelerated 
cooling  increases  the  tensile  strength  as  a 
consequence  of  a  more  extended  coherent 
precipitation  as  well  in  Ti  steels  as  in  Nb 
HSLA  steels.  However  experimental  results 
show  that  for  cooling  rate  in  excess  of 
20'C/s,  some  distinction  has  to  be  made 
according  to  the  manganese  content  of  the 
steel . 

For  low  Mn  content,  a  continuous 
improvement  of  the  tensile  strength  is 
observed  for  the  whole  range  of  cooling  rates 
due  to  the  precipitation  change  from  inco¬ 
herent  to  coherent  (fig.  2)  in  a  ferritic 
matrix. 

On  the  contrary  in  a  high  Mn  steel, 
as  soon  as  the  cooling  rate  reaches  a  value 
equal  to  20'C/s,  the  tensile  strength  remains 
constant  or  even  decreases  for  low  C  Ti 
steels  cooled  down  to  room  temperature  (fig 
7)  . 

For  such  high  Mn  steel,  it  is  quite 
evident  that  higher  cooling  rate  causes  aci- 
cular  ferrite  or  bainite  to  replace  progres¬ 
sively  polygonal  ferrite-perlite  microstruc- 
ture.  This  change  in  microstructure  can 
certainly  not  justify  the  levelling  or  even 
the  drop  observed  in  the  dependence  of 
tensile  strength  on  the  cooling  rate.  For 
such  reasons,  we  reach  the  conclusion  that 
the  strengthening  due  to  bainite  formation 
compete  with  an  important  loss  in  preci¬ 
pitation  hardening.  In  fact,  coherent  preci¬ 
pitation  IS  suppressed  at  cooling  rates  in 
excess  of  a  critical  value  what,  in  turn, 
means  that  microalloying  addition  is  retained 
in  solid  solution  (i)  for  such  bainitic 
microstructures . 

As  shown  in  figure  7,  this  reduction 
in  precipitation  hardening  is  more  effective 
in  Ti-bearing  steels  especially  when  defor¬ 
mation  is  performed  at  higher  temperature 
(  lOOO’C) . 

EFFECT  OF  COILING  AFTER  ACCELERATED 
COOLING  -  If  part  of  alloying  addition  is 
retained  in  solid  solution,  it  can  be  fore¬ 
seen  that  a  new  hardening  will  be  observed 
during  subsequent  tempering  treatment  such  as 
self -tempering  after  interrupted  cooling  for 
plates  or  coiling  for  hot  strips.  This  effect 
is  shown  in  figure  7  for  reference  Nb  and  Ti 
steels  after  coiling  at  600'C.  The  coiling 
treatment  results  in  a  tensile  strength 
increase  of  80  MPa  for  Ti  steels  hot  deformed 
at  900'C  and  cooled  to  the  coiling  tempera¬ 
ture  at  a  rate  of  60'C/s.  This  effect  is  not 
so  important  for  Nb  steel  processed  in  the 
same  condition  as  shown  in  the  same  figure. 

In  addition  to  that,  it  is  also 
important  to  note  that  the  effect  of  coiling 
is  hardly  depending  on  the  coiling  tempera¬ 
ture.  Coiling  at  high  temperature  after  acce¬ 
lerated  cooling  will  induce  precipitation  of 
alloying  element  as  incoherent  particles  in 


the  metallic  matrix  what  in  turns  reduces  the 
Ptecipitation  hardening  this  new  precipi¬ 
tation  could  be  called  "secondary  incoherent 
precipitation" . 

Figure  8  gives  the  dependence  of  the 
incoherent  Nb  carbo-nitride  content  as  mea¬ 
sured  for  the  reference  Nb  steel  hot  deformed 
at  9DD’C  and  cooled  respectively  down  to  room 
temperature  or  coiled  at  650  or  680'C.  This 
graph  shows  again  how  an  increased  cooling 
rate  reduces  the  incoherent  precipitation  for 
test  specimens  cooled  down  to  room  tempera¬ 
ture.  Coiling  at  BSO'C  does  not  change  the 
amount  of  incoherent  precipitation.  On  the 
contrary,  coiling  at  680’C  results  in  an 
increased  amount  of  incoherent  precipitation 
what  is  related  to  the  formation  of  secondary 
incoherent  precipitation  during  coiling  at 
higher  temperature. 


COOLING  RATE  (°c/s.) 


^Ag.  8  -  Influence  of  cooling  rate  and 
coiling  temperature  on  incoherent 
precipitation  for  Nb  steels  deformed  at 
900’C. 

Due  to  this  additional  precipita¬ 
tion.  one  observes  that  the  tensile  strength 
IS  lowered  as  shown  by  experimental  results 
reported  in  the  same  figure.  Based  on  a 
hardening  coeff:cient  equal  to  2200MPa/Z  for 
coherent  precipitation  (fig.  5),  it  is 
interesting  to  note  that  the  transformation 
of  an  amount  equal  to  20  lo'^Z  Nb  carbo- 
nitride  from  the  coherent  to  incoherent  type 
must  induce  a  drop  of  iO  MPa  in  tensile 
srength  this  computed  value  is  in  good 
agreement  with  experimental  data  reported  in 
the  same  figure. 
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SUMMARY  AND  CONCL'ISIONS 

The  piesent  study  was  mainly  aimed  to  deter¬ 
mine  the  influence  of  processing  parameters 
such  as  hot  defoimation  tempera  lure ,  cooling 
rate,  coiling  temperature  and  steel 
composition  on  the  incoherent-coherent  preci¬ 
pitation  balance  in  HSLA  steels. 

The  main  conclusions  may  be  summa¬ 
rized  as  follows  : 

1  .  Strain  induced  precipitation  is  clearly 

observed  in  Nb  and  Ti  bearing  steels, 
especially  for  deformation  temperature 

around  950"C. 

2.  Transformation  induced  precipitation  is 

formed  during  cooling  to  room  temperature 
for  cooling  rates  ranging  between  4  and 
10‘C/s  . 

3.  Strain  and  transformation  induced  preci¬ 
pitations  are  assumed  to  be  incoherent 

with  the  parent  metallic  matriK. 

4.  Increasing  the  cooling  rate  results  in  a 
decrease  of  the  transformation  induced 
precipitation;  in  such  conditions,  cohe¬ 
rent  precipitation  is  now  found  in  the 
saturated  ferrite.  For  high  cooling  rate 
(20-80'C/s).  as  soon  as  acicular  ferrite 
or  bainitic  structure  are  formed,  there 
are  some  evidences  that  coherent  preci¬ 
pitation  does  not  appear  anymore  during 
cooling  down  to  room  temperature.  It  is 
assumed  that  the  microalloying  addition 
IS  retained  in  solid  solution;  this 
effect  appears  more  clearly  in  Ti-bearing 
steel . 

5.  Coiling  at  low  temperature  (600'C)  of  ac¬ 
celerated  cooled  steels  results  in  a  very 
efficient  hardening  due  to  coherent  pre¬ 
cipitation;  this  effect  is  more  limited 
in  Nb  steels  as  regards  to  Ti-steels.  At 
higher  coiling  temperature  (680'C),  the 
hardening  effect  is  lower  due  to  the 
formation  of  a  secondary  incoherent 
precipitation . 

6.  In  the  experimented  steels,  the  hardening 
coefficient  of  coherent  precipitates  is 
measured  to  be  equal  to  2200  or  3000 
MPa/l  respectively  for  Nb  or  Ti-bearing 
steels  what  seems  to  be  in  agreement  with 
theoretical  prediction  for  such  precipi¬ 
tation  . 

7.  As  regards  to  steel  composition,  the  Mn 
content  plays  a  very  important  part  owing 
Its  influence  on  the  transformation  tem¬ 
perature  which  in  turns  influences  the 
amount  of  transformation  induced 
precipitation.  Experimental  data  show  in 
addition  that  a  low  nitrogen  content 
decreases  the  incoherent  strain  induced 
precipitation  in  Nb-bearing  steels. 
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M-A  CONSTITUENT  AND  HAZ  TOUGHNESS 
OF  STEEL  FOR  OFFSHORE  STRUCTURES 


I 

I 


Hiroaki  Tsukamoto,  Shigeru  Endo,  Masataka  Suga  Kazuaki  Matsumoto 


Steel  Research  Center 
NKK  Corporation 
Fukuyama,  Japan 


Abs  tract 

The  effect  of  Nb  addition  on  the  mechanical 
property  in  base  metal  and  heat  affected  zone 
(HAZ)  of  steel  plates  for  offshore  structures 
manufactured  with  TMCP  process  was  investigated. 
Nb  deteriorates  the  HAZ  toughness  in  as-welded 
condition  through  the  formation  of 
Mar  tens i te-Aus ten i te  (M-A)  constituent.  The 
toughness  recovers  with  post  weld  heat  treatment 
(PWHT),  It  is  considered  that  the  formation  of 
M-A  constituent  with  Nb  addition  is  due  to 
lowering  of  transformation  temperature  with  the 
presence  of  solute  Nb  during  welding.  It  is 
necessary  to  utilize  Nb  for  the  increase  of 
strength  and  toughness  in  base  metal,  especially 
the  strength  after  PWHT.  Even  small  amount  of  Nb 
(ex.  0.01%)  is  effective  for  grain  refinement  and 
precipitation  hardening.  It  is  also  effective  to 
reduce  Nb  and  carbon  content  (or  carbon 
equivalent)  for  the  prevention  of  the  formation 
of  M-A  constituent.  TS  500MPa  grade  (BS4360-50E 
Mod.)  steel  plate  manufactured  with  TMCP  process 
with  the  chemical  composition  of  low  C-Cu-Ni-low 
Nb(0.Ul%)  has  high  strength  and  good  toughness  in 
base  metal,  and  also  good  toughness  in  HAZ  of 
submerged  arc  welding(SAW)  with  the  heat  input  of 
50kJ/cm. 


AS  ALREADY  KNOWN')  ,  Nb  is  effective  for 
improving  the  strength  and  toughness  of  TMCP 
steel  because  Nb  delays  the  rec rys ta 1 1 izat ion  of 
deformed  austenite  grains  and  leads  to  grain 
refinement,  and  also  has  the  precipitation 
hardening  effect  with  carbide  or  carbo-ni tr ide . 

So  that,  Nb  is  often  used  in  linepipe  steel,  high 
strength  steel  plates  for  shipbuilding,  steel 
plates  for  offshore  structures  with  high  strength 
and  heavy  gauge,  and  so  on. 

On  the  other  hand,  steel  plates  for 
structures  in  deep  sea  and  cold  water,  such  as  in 
Arctic  Ocean,  require  high  toughness  not  only  in 
base  metal  but  also  in  heat  affected  zone  (HAZ) 
of  welded  joint.  The  criterion  of  HAZ  toughness, 
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especially  in  crack  tip  opening  displacement 
(CTOD)  test,  has  become  severe  recently.  For 
example,  API  RP  2Z^)  prescribes  the  CTOD  test  in 
HAZ  in  preproduction  qualification  weldability 
test,  where  the  fatigue  crack  should  be  placed  in 
coarse-grain  HAZ  material  for  at  least  15%  of 
specimen  thickness.  It  is  already  known  that  the 
toughness  in  intercrit ica ! ly  reheated 
coarse-grain  HAZ  deteriorates  greatly  owing  to 
the  Mar  tens i te-Aus ten i te(M-A )  constituent  formed 
in  coarse  grains^)  .  Therefore  the  effect  of  Nb 
on  the  formation  of  M-A  constituent  during 
welding  and  on  the  HAZ  toughness  in  weldment  was 
investigated . 

EXPERIMENTAL  PROCEDURE 

Firstly,  the  effect  of  Nb  content  on  the 
strength  and  toughness  in  base  metal  of  TMCP 
steel  was  examined.  The  chemical  composition  of 
steel  tested  is  shown  in  Table  1. 

They  were  melted  with  150kg  vacuum  remelting 
furnace  in  laboratory.  Then  they  were  reheated 
at  1000°C  or  1100°C,  and  controlled  rolled  with 
the  rolling  mill  in  laboratory.  70%  reduction 
below  820°C  (  1000°C  soaking)  or  below  850°C 
(I100°C  soaking)  was  done,  and  rolling  was 
finished  at  780^C  with  25ram  thickness.  They 
were  accelerated  cooled  just  after  rolling  with 
the  cooling  equipment  at  the  cooling  rate  of 
A^C/sec.  simulating  the  raid-thickness  of  lOOmm 
thick  plate.  Then  tensile  and  Charpy  impact  test 
was  carried  out. 


Table  1  Chemical  composition  of  TMCP  steels 

manufactured  in  laboratory  for  the  test 
of  base  metal  wt.% 
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Secondly,  the  effect  of  chemical  composition 
on  the  HAZ  toughness  was  investigated.  The 
chemical  composition  of  steel  tested  is  shown  in 
Table  2.  All  of  them  are  TS  500MPa  grade  steel 
plates  manufactured  with  basic  oxygen 
furnace(BOF)  -  continuous  casting  (CC )  process. 
Steel  A  is  a  Nb  free  TMCP  steel.  Steel  B  and  D 
are  TMCP  steels  with  small  amount  of  Nb 
(approximately  0.01%).  Steel  D  has  extremely  low 
carbon  equivalent  compared  with  other  TMCP  steels 
A  and  B.  Steel  C  is  a  normalized  one  with 
0.03%Nb.  In  order  to  investigate  the  effect  of 
Nb  on  the  HAZ  toughness  with  large  heat  input, 
Charpy  impact  and  CTOD  test  were  carried  out  on 
the  weldment  with  submerged  arc  welding  (SAW)  at 
lOOkJ/cm  heat  input.  The  groove  is  a  single 
bevel  one  as  shown  in  Fig.l  and  the  sampling 
position  of  impact  and  CTOD  test  specimens  is 
shown  in  F  ig .  2 . 

Thirdly,  Charpy  impact  test  was  conducted  on 
simulated  HAZ  with  induction  heating  simulator. 
The  thermal  cycle  is  shown  in  F  ig .  3  which  is 
based  on  the  cooling  curve  measured  during  SAW 
with  the  heat  input  of  lOOkJ/cm  as  shown  in 
Fig.  A. 

Furthermore,  M-.\  constituent  was  observed  by 
scanning  electron  microscope  (SEM)  after 
two-stage  electrolytic  etching**)  and  the  area 
fraction  of  M-A  constituent  was  measured  on 
several  photographs. 

Finally,  typical  TS  500  MPa  grade  TMCP  steel 
plate  with  heavy  thickness  was.  welded  with 
50kJ/cm  heat  input  of  SAW  and  CTOD  test  in 
coarse-gra  in  HAZ  was  carr  ied' out . 

Table  2  Chemical  composition  of  TS  SOOMPa  grade 
heavy  thick  steel  plates  for  the  test  of 
HAZ  toughness  wt.% 


SfMl 

C 

SI 

Mn 

P 

S 

Cu 

Ni  Ti 

Nb 

A 

007 

030 

1  50 

0009 

0001 

0  19 

036  0010 

— 

0  356 

TMCP 

B 

006 

032 

1  56 

0008  0  001 

0  25 

041  0007 

0009 

0364 

TMCT 

C 

0  10 

040 

1  55 

0003 

0002 

0  17 

0  27  — 

0027 

0384 

Nor 

0 

006 

032 

1  45 

0007 

Tr 

026 

036  0009 

0007 

0343 

TMCP 

CeqLR=C+Mn/6  +  (Cr+Mo+V)/5  +  (Cu+Ni)/15 


Fig.l  Groove  configure-  Fig. 2  Sampling  position 
tion  for  SAW  of  impact  and  CTOD 

weldment  test  specimens 


Time 


Fig. 3  Thermal  cycle  for  the  simulation  of  SAW 
with  the  heat  input  of  lOOkJ/cm 


Time  sec 

Fig. 4  Thermal  cycle  during  welding  (SAW,  lOOkJ/cm) 


EFFECT  OF  NIOBIUM  CONTENT  ON  THE  MECHANICAL 
PROPERTY  OF  BASE  METAL 

Fig. 5  shows  the  effect  of  Nb  content  and 
slab  soaking  temperature  on  the  strength  and 
toughness  in  base  metal  of 

0.07/0.08%C-0. 3%Si-l .5%Mn-0. 2%Cu-0.4%Ni  steel 
(Table  1)  controlled  rolled  and  accelerated 
cooled  in  laboratory.  Both  of  strength  and 
toughness  increase  with  Nb  addition,  even  with 
the  content  of  0.01%.  Nb  is  especially  effective 
to  minimize  the  reduction  of  strength  after  PWHT. 
It  is  supposed  to  be  due  to  precipitation 
hardening  by  Nb  carbide.  The  strength  and 
toughness  level  with  0.01%Nb  addition 
(  lOOO'C  soaking)  or  0.02%Nb  addition  (llOO'C 
soaking). 

The  raicrostructures  with  IDOO'C  soaking  are 
shown  in  Fig. 6.  Microstructure  of  Nb  free  steel 
is  composed  of  relatively  coarse  ferrite  and 
pearl  ite.  On  the  contrary,  Nb  added  steel 
shows  fine  grains  of  ferritic  and  pearl  itic 
structure,  and  small  fraction  of  bainitic 
strucLuie.  The  microstructure  of  0.03%  Nb  steel 
is  extremely  fine. 
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The  reduction  of  softening  after  PWHT  with 
Nb  addition  is  supposed  to  be  owing  to 
precipitation  hardening  which  compensates  the 
softening  with  the  tempering  effect  of  bainitic 
structure.  The  saturation  of  strength  and 
toughness  with  0.01%  Nb  addition  (  1000°C 
soaking)  or  0.02%  Nb  addition  (1100°C  soaking) 
above  mentioned  can  be  explained  with  the  solute 
Nb  content  during  soaking  before  rolling  which  is 
calculated  with  the  solubility  product  of  Nb(CN) 
by  Irvine. 

log[%Nb]  [%(C  +  12/14N)]=-6770/(T°C+273)+2.26 

...(1) 

That  is,  solute  Nb  content  is  estimated  to  be 
approximately  0.01%  (at  1000°C)  and  0.025%  (at 
1100°C). 


F  ig .  5  Effect  of  Nb  content  on  the  mechanical 
properties  of  base  metal  of  TMCP  steel 
plates  (simulation  of  100mm  thickness) 


The  toughness  with  1000°C  soaking  is  better 
than  llOO^C  soaking  due  to  grain  refinement  by 
unresolved  precipitates  which  have  pinning  effect 
on  austenite  grain  boundaries  during  slab 
soaking. 

MICROSTRUCTURE  AND  TOUGHNESS  IN  HAZ  OF  SAW 
WELDMENT 

Microstructures  in  HAZ  with  SAW  at  the  heat 
input  of  lOOkJ/cm  are  shown  in  Fig.  7. 
Microstructures  on  the  fusion  line  of  steel  A  (Nb 
free  TMCP  steel)  and  steel  D  (TMCP  steel  with 
0.01%  Nb  and  low  carbon  equivalent)  are  composed 
of  upper  bainite  and  ferrite  on  grain  boundary. 
Those  of  steel  B  (TMCP  steel  with  0.01%  Nb)  and 
steel  C  (normalized  steel  with  0.03%  Nb)  are 
mainly  upper  bainite.  Microstructures  3nim 
distant  from  fusion  line  of  steel  A,  C  and  D  are 
ferrite,  pearlite  and  a  small  fraction  of 
bainite.  On  the  contrary,  that  of  steel  B  is 
ferrite  and  bainite.  Microstructures  5mm  distant 
from  fusion  line  are  ferrite  and  pearite,  which 
are  almost  the  same  as  those  of  the  base  metal, 
but  is  supposed  to  have  been  reheated  to  a  +  y 
region  from  the  temperature  measured  during 
welding  with  the  same  welding  condition. 

FATT  in  Charpy  impact  test  and  CTOD  value  at 
-10°C  in  HAZ  with  SAW  are  shown  in  Fig. 8  and 
Fig. 9.  The  toughness  on  the  fusion  line  of  all 
the  tested  steels  is  the  worst  among  all  the  test 
position.  The  toughness  becomes  better  as  the 
test  position  is  apart  from  the  fusion  line. 

Among  the  tested  steels,  normalized  steel  C 
with  0.03%  Nb  has  the  lowest  toughness  and  TMCP 
steel  D  with  0.01%  Nb  and  low  carbon  equivalent 
has  the  best  toughness. 

me  relation  between  Nb  content  and  the 
toughness  on  the  fusion  line  is  shown  in  Fig. 10 
and  Fig.li.  The  increase  of  Nb  addition  enlarges 
the  deterioration  of  HAZ  toughness  in  as-welded 
condition.  The  toughness  in  Nb  added  steel 
recovers  with  PWHT.  TMCP  steel  D  containing 
0.01%  Nb  and  low  carbon  equivalent  has  relatively 
high  toughness  even  on  the  fusion  line  in 
as-welded  condition.  There  is  no  apparent 
correlation  between  Nb  content  and  the  toughness 
at  the  position  3nim  and  5mm  distant  from  the 
fusion  line. 


Nb  frc« 

O.OM  %  Nb 

0.0»  %  Nb 

-  r 

.  ■  -  •  ‘  ■  '* 

90  pm 

Fig. 6  Effect  of  Nb  content  on  the  microstructure  of  TMCP 
steel  (manufactured  in  laboratoiy,  lUUO’C  soaking) 
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Fig.  8  FATT  in  HAZ  of  SAW  weldment  Distance  from  fusion  line 

(lOOkj/cm,  As  welded; 


Fig. 9  CTOD  value  in  HAZ  of  SAW  weldment 
(lOOkJ/f'm.  As  welded) 


TOUGHNESS  IN  ^^it-iULATED  HAZ 

Fig. ^2  shows  the  effect  of  peak  temperature 
on  the  hardness  and  toughness  of  simulated  HAZ. 
Peak  temperr '-ure  L350,  900  and  800°C  correspond 
t.>  fusir  .  ’ine,  3nim  and  5mm  from  the  fusion  line 
of  SAW  weldment  respectively  (Fig. 4). 

The  toughness  after  1350®C  reheating  is  the 
worst  and  it  becomes  better  as  the  peak 
temperature  decreases.  On  the  other  hand, 
normalized  steel  C  has  the  lowest  toughness  alter 
1350°C  reheating.  Those  tendencies  are  the  same 
as  those  in  SAW  weldment  as  above  mentioned. 

M-A  CONSTITUENT  IN  HAZ 

M ic r os t r uc t are s  with  SEM  after  two-stage 
electrolytic  etching  in  SAW  weldment  are  shown  in 
Fig.  13.  White  regions  which  are  scarcely  etched 
are  supposed  to  be  M-A  constituent  and  deeply 
etched  region  is  supposed  to  have  contained 
cementite  before  etching  )  .  Other  regions  are 
in  f r r  1 1 e  grains. 


The  fusion  line  of  steel  B  and  C  whicli  have  low 
toughness  contain  relatively  high  fraction  of  M-A 
constituent  and  steel  A  and  D  have  only  small 
fraction  of  M-A  constituent.  The  area  fraction 
of  M-A  constituent  reduces  as  the  position  is 
apart  from  the  fusion  line.  Although  steel  A,C 
and  D  contain  little  M-A  constituent  at  the 
position  3mm  distant  from  the  fusi  n  line,  M-A 
'Constituent  is  still  observed  at  the  position  5mm 
distant  from  the  fusion  line  of  steel  B. 

Furthermore,  the  effect  of  the  area  fraction 
of  M-A  constituent  which  was  measured  on  SEM 
photographs  (Fig.  13)  on  *“he  HAZ  toughness  of  SAW 
weldment  is  shown  in  Fig. 14.  There  is  the 
evident  tendency  that  the  toughness  decreases  as 
the  area  fraction  of  M-A  constituent  increases  on 
the  fusion  line  and  also  at  3mm  distance  from  the 
fusion  line.  On  the  other  hand,  there  is  no 
correlation  between  M-A  constituent  and  totighoess 
at  5nim  distance  from  fusion  line  where  all  tlie 
steels  show  relatively  high  toughness. 

M-A  constituent  is  supposed  to  be  decomposed 
during  PWHT  because  it  is  scarcely  observed  after 
PWHT. 


Open  ,  As  welded 
100'  /  Solid  .  PWHT 

•  (600*Cx4hr) 

i  -  •  . 

0  OOi  002  003 

Nb  % 


Fig.  10  Rt?lati<)n  between  Nb  cont*='nt  and  the 
toughness  in  the  fusion  line  of  SAW 
(lOkJ/cm,  As  welded  and  ait^r  PWHf) 


0  OOl  002  003 

Nb  % 
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-lOOL-- . . 
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Fig,  12  Effec*"  of  p^ak  t  r  f  the  liardness 

and  toughness  in  simulated  HAZ 
(simulation  of  lOOkJ/cm,  As  welded) 


Fig.  11  Relation  between  Nb  content  and  the  CTOD 
value  on  the  fusion  line  of  SAW 
(lOOkJ/cm,  As  welded) 
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RESULT  OF  FULL  THICKNESS  CTOD  TEST  IN  THE  HAZ 
OF  TMCP  STEEL 

As  above  .nentioned,  small  amount  of  Nb 
(0.01%)  in  TS  SOOMPa  grade  TMCP  steel  is 
effective  for  the  strength  and  toughness  in  base 
rretal,  and  the  deterioration  of  HAZ  toughness  is 
relatively  little  compared  with  further  addition 
of  Nb  (0.03%).  So,  the  HAZ  toughness  of  heavy 
thick  (100mm)  TMCP  steel  plate  with  the 
composition  of  low  C-Cu-N i-0. 01 %Nb  was  tested. 

The  chemical  composition  is  shown  in  Table  3. 

They  hr.e  high  strength  and  good  toughness  as 
shown  in  Table  4.  SAW  was  performed  with  the 
edge  preparation  of  single  bevel  and  the  heat 
input  of  50kJ/cm  which  is  the  typical  condition 
of  weldability  test  of  steel  plate  for  offshore 
structures.  Then  CTOD  test  in  coarse-grain  HAZ 
was  carried  out  according  to  BS  5762  with  Bx2B 
type  specimen.  Test  result  is  shown  in  Table  5. 
Seven  specimens  among  eight  contain  coarse-gra ins 
(larger  than  grain  size  No. 7)  and  five  specimens 
contain  more  than  15%  region  of  coarse-grain  HAZ. 
Low  C-Cu-N i -0. 01 %Nb  steel  has  good  weldability 
because  all  the  CTOD  values  are  high  enough  as 
shown  in  Tab  le  5 . 


Table  3  Chemical  composition  of  TS  500MPa  grade 

heavy  thick  steel  plate  manufactured  with 
TMCP  process  for  the  full  thickness  CTOD 
test  in  HAZ  wt  .7 


C  Si 

Mn 

P 

s 

Cu 

Ni 

Nb 

T( 

Sol  At 

T  N 

0  08  0  15 

1  55 

0  004 

0001 

0  25 

0  44 

OOtO 

0009 

0040 

00040 

Table  4  Mechanical  properties  of  TS  500MPa  grade 
TMCP  steel  plate  for  the  evaluation  of 
CToD  value  in  HAZ 


Gfode 


PiQTe 

fhiCN 


8S  4360 
-50E  Mod 


lOO 


PWHT  El  "".E  90  ve-60  vE-40 

MPo  MPa  %  J _ J _ ^ 

none  445  524  371  312  342  382 

600*C<4nr  42  6  509  38  1  315  335  380 


FATT 

”C 

-90 

-81 


Table  5  CTOD  test  results  in  coarse-grain  HAZ  of 
TS  500MPa  grade  TMCP  steel  plate 
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22 

>  1  90 
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U 
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23 
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6 

47 

>  l  89 

No  breok 

7 

1  6 
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u 

i  8  ! 

2  1 

0  73 

U 

According  ro  BS  5762 
Test  specimen  -  8  s  2B 


DISCUSSION 

EFFECT  OF  NIOBIUM  ON  M-A  CONSTITUENT  -  In 
order  to  assertain  the  effect  of  Nb  on  M-A 
constituent,  additional  test  was  carried  out. 

The  relation  between  Nb  content  and  area  fraction 
of  M-A  constituent  in  simulated  HAZ  is  shown  in 
Fig.  15.  The  area  fraction  of  M-A  constituent 
grows  as  Nb  content  increases  in  1330°C  reheated 
sample  which  simulates  the  fusion  line  of  SAW 
weldment.  However  the  area  fraction  of  M-A 
constituent  does  not  necessarily  increases  as  Nb 
content  increases  in  900  ~  1200°C  reheated 
samp les . 

Then  solute  Nb  content  in  simulated  HAZ  of 
steel  B  (TMCP  steel  containing  0.01%  Nb)  and 
steel  C  (normalized  steel  containing  0.03%  Nb) 
was  examined  with  e lec t ro ly t  ica  I  ly  extracted 
residue.  Although  steel  C  contains  higher  solute 
Nb  content  after  1350°C  reheating  than  steel  B, 
it  shows  lower  value  after  900"“  1200°C  reheating 
in  spite  of  higher  Nb  addition  as  shown  in 
Fig. 16.  Although  measured  values  of  solute  Nb  in 
both  the  steels  are  lower  than  the  calculated  one 
with  eq .  (  1 ) ,  measured  value  in  steel  C  is 
extremely  lower  than  the  calculat-  '  one.  It 
arises  from  that  the  equilibrium  is  not  realized 
during  welding.  It  also  suggests  that  Nb  carbide 
in  normalized  steel  is  large  in  size  and  thermaly 
stabilized  compared  with  TMCP  steel. 


Fig.  15  Effect  of  Total  Nb  content  on  the 
toughness  in  HAZ  of  SAW  weldment 
(Simulation  of  lOOkJ/cra,  As  welded) 
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Fig. 16  Relation  between  peak  temperature  and 
solute  Nb  content  in  simulated  HAZ 
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Fig. 17  shows  the  relation  between  solute  Nb 
content  and  area  fraction  of  M-A  constituent  in 
simulated  HAZ,  which  shows  the  good  correlation 
between  those  two  factors  among  all  the  tested 
temperature  region. 

As  above  mentioned,  the  area  fraction  of  M-A 
constituent  increases  s'  the  solute  Nb  concent 
increases  after  900  ~1350°C  reheating.  In 
addition,  solute  Nb  content  is  influenced  not 
only  with  added  Nb  content  and  reheating 
temperature  during  welding,  but  also  with 
manufacturing  process  of  steel  plates 
(i.e.  TMCP  or  normalization). 

MECHANISM  OF  THE  FORMATION  OF  M-A 
CONSTITUENT  WITH  NIOBIUM  ADDITION  -  One  possible 
explanation  for  the  formation  of  M-A  constituent 
with  Nb  addition  is  the  increase  of 
hardenab  i  li ty .  Fig.  18  is  the  CCT  diagram  for 
welding  in  steel  A  and  B.  Although  tlie  critical 
cooling  rate  for  ferrite  formation  is  almost  the 
same,  steel  B  which  contains  0.01%  Nb  and  almost 
the  same  carbon  equivalent  as  steel  A  shows  lower 
transformation  temperature  than  Nb  free  steel  A. 
Fig.  19  shows  the  effect  of  solute  Nb  content  on 
the  transformation  starting  temperature  in 
simulated  HAZ  (peak  temperature  is  1350“C).  The 
transformation  starting  temperature  decreases 
linearly  with  the  increase  of  solute  Nb.  Roughly 
speaking,  hatched  region  in  Fig.  19  (500  ~  600°C) 
is  approximately  the  region  where  M-A  constituent 
is  formed  . 
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Fig.  17  Effect  of  solute  Nb  content  on  the  M-A 
constituent  in  simulated  HAZ 
(simulation  of  lOOkj/cm) 


Fig.  18  CCT  diagram  for  welding  (  1350°  reheated) 


In  order  to  ascertain  the  effect  of 
transformation  temperature  on  the  formation  of 
M-A  constituent,  thermal  cycle  for  the  isothermal 
transformation  (shown  in  Fig. 20)  was  conducted  on 
4  steels  A,B,C  and  D  using  thermal  induction 
simulator.  Microstructures  with  optical 
microscope  and  SEM  are  shown  in  Fig.  21  and 
Fig.  22.  All  the  tested  steels  are  composed  of 
upper  bainitic  structure,  and  all  the  steels 
including  steel  A  (Nb  free)  contain  great  deal  of 
M-A  constituent.  FATT  in  Charpy  impact  test 
after  the  thermal  cycle  above  mentioned 
(isothermal  transformation)  is  above  -10°C  and 
the  deterioration  of  toughness  is  very  large. 

Fig. 23  shows  the  effect  of  transformation 
temperature  and  FATT  in  Charpy  impact  test  in 
both  the  SAW  weldment  and  simulated  HAZ.  The 
toughness  is  simply  determined  by  transformation 
temperature  irrespective  of  Nb  content. 

As  above  mentioned,  addition  of  Nb  decreases 
the  transformation  temperature  during  welding. 

It  increases  the  area  fraction  of  M-A 
constituent,  and  accordingly  the  toughness  is 
deteriorated.  So  that  the  chemical  composition 
should  be  carefully  chosen  in  order  not  to 
decrease  the  transformation  temperature,  for 
example  selecting  the  composition  with  low  carbon 
equivalent  and  low  Nb  content. 


Fig. 19  Effect  of  solute  Nb  content  on  the 
trails  format  ion  starting  temperature 
(  1350°C  reheated) 
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Fig. 20  Thermal  cycle  for  the  isothermal 

trans formt  ion  with  thermal  induction 
s irau  lator 
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CONCLUSION 

1)  Even  the  small  amount  of  Nb  (for  example 
0.01%)  is  effective  for  the  increase  of 
strength  and  toughness  in  base  metal  of  TMCP 
steel,  especially  the  strength  after  PWHT. 

2)  The  toughness  on  the  fusion  line  in  as-welded 
condition  is  deteriorated  with  Nb  addition. 
However  it  recovers  with  PWHT. 

3)  The  toughness  on  the  fusion  line  is  mainly 
determined  by  the  fraction  of  M-A 
constituent.  It  decomposes  with  PWHT. 

4)  The  formation  of  M-A  constituent  with  Nb 
addition  is  due  to  lowering  of  transformation 
temperature  with  the  presence  of  solute  Nb 
during  welding.  Even  in  the  case  of  Nb  free 
steel,  when  the  transformation  starts  at  low 
temperature  (  500  ~  600°C)  with  isothermal 
heat  treatment,  M-A  constituent  is  formed  and 
the  toughness  is  deteriorated. 

5)  The  amount  of  solute  Nb  is  affected  not  only 
by  total  Nb  content  but  also  by  the 
manufacturing  process. 

6)  It  is  necessary  to  utilize  Nb  for  the 
increase  of  strength  and  toughness  in  the 
base  metal  of  TMCP  steel.  It  is  also 
effective  to  reduce  C  and  Nb  content  for  Che 
prevention  of  M-A  constituent  in  HAZ  in 
as-welded  condition.  TS  SOOMPa  grade  TMCP 
steel  plate  with  the  chemical  composition  of 
low  C-Cu-Ni-low  Nb  (0.01%)  has  high  strength 
and  good  toughness  in  base  metal,  and  also 
high  CTOD  value  in  coarse-grain  HAZ  with  SAW 
of  50kj/cm  heat  input. 
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ON  THE  PROPERTIES  OF  STEEL  C-Mn-Ti 
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ABSTRACT 

The  effect  of  Nb-microalloying  in  the  C- 
Un-Ti  HSLA  steel  has  been  studied  after  nor¬ 
malizing  treatment.  It  was  found  that  the 
ferrite  grains  were  further  refined,  resul¬ 
ting  in  stabilizing  the  mechanical  properties 
and  improvement  of  impact  toughness.  In  the 
meantime  the  coarsening  temperature  of  aus¬ 
tenite  grains  was  raised  and  dynamic  recrys- 
tallizatinn  in  the  steel  was  retarded. 

INTRODUCTION 

The  C-Mn-Ti  HSLA  steel  has  been  produced 
for  a  number  of  years  and  found  wide  applica¬ 
tions  in  the  industries  of  automobiles,  ship 
building  and  engineering  machinery.  It  was 
found,  however,  that  the  properties  of  this 
steel  were  very  sensitive  to  the  variation  of 
temperature  and  not  very  stable,  bring  diffi¬ 
culties  in  production,  as  well  as  their  ap¬ 
plications. 


Several  research  works  have  shown  that 
addition  of  small  amount  of  Nb  has  beneficial 
effect  to  the  strength  and  toughness  to  the 
Ti-hearing  HSLA  steel.  Experiments  have  been 
conducted  by  us  in  the  addition  of  small  a- 
moont  of  Nb  to  the  Ti-bearing  HSLA  steel.  The 
result  indicated  that  the  small  amount  of  Nb 
improved  the  properties  of  Ti-bearing  steel 
really,  making  them  more  stable.  This  addi¬ 
tion  of  Nb  has  been  used  already  in  the  pro¬ 
duction.  The  experiment  work  with  regard  to 
this  subject  will  be  described  in  this  paper. 

EXPERIMENTAL  MATERIALS 

The  experiment  work  consists  of  two 
parts.  In  the  first  part,  the  laboratory 
work,  the  steel  studied  was  melted  in  the  in¬ 
duction  furnace  of  medium  frequency,  cast  in¬ 
to  ingots  of  30  kg.  The  chemical  compositions 
are  given  in  Table  1.  After  reheated  at  1200 
*C,  the  ingots  were  rolled  into  plates  of  10 
and  16  mm  thick  with  finishing  temperature  of 
1000 'C.  The  plates  were  normalized  at  950 *C. 


Table  1.  Chemical  compositions  of  experimental  raaterlals(WtX) 


Steel 

C 

Si 

Hn 

s 

P 

Ti 

Nb 

Ne 

A 

0.09 

0.31 

'AM 

0.012 

0.012 

0.16 

0.007 

B 

0.09 

0.33 

1.42 

0.020 

0.014 

0.  -'6 

0.02 

0.006 
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In  the  second  part  of  experinent  work,  the 
steel  was  made  in  the  top  blowing  oxygen  con¬ 
verter  of  150  t  in  our  steel-smelting  shop, 
cast  into  ingots  of  10,6  t,  which  were  rolled 
into  slabs  of  120  mm  thick  and  subsequently 
rolled,  after  reheated  at  1300 *C,  into  plates 
of  10-16  siffl  thick.  The  final  products  were 
normalized  at  950  'C  also. 

EXPERIMENTAL  RESULTS  AND  DISCUSSION 

THE  EFFECT  OF  SMALL  AMOUNT  OF  Nb  ON  THE  MI¬ 
CROSTRUCTURES  -  In  the  microstructures  of  the 
hot-rolled  plates  of  both  steels  A  and  B,  the 
ferrite  grains  were  of  irregular  shapes  and 
different  sizes,  with  uniform  distribution  of 
pearlite  colonies.  The  grain  sizes  of  ferrite 
in  steel  A,  ranging  ASTM  No.  7-8,  were  some¬ 
what  greater  than  those  in  steel  B,  being  No. 
8-9. 

In  the  microstructures  of  the  normal ized 
specimens,  the  ferrite  grains  were  of  r- >;ular 
shapes  with  a  few  amount  of  pearlite,  ,  shown 
In  fig.  1.  The  grain  sizes  of  ferrite  in  steel 
A,  ranging  ASTM  No,  8-9,  were  still  greater 
than  those  in  steel  B,  being  No.  10-11. 

The  observations  under  TEM  indicated  that 
there  were  dislocations  of  high  density  in  the 
grains  of  the  hot-rolled  specimens  of  steel  A, 
with  the  Ti(CN)  particles  of  sizes  about  5-20 
nm  distributed  on  the  dislocation  lines.  Dis¬ 
locations  of  lower  density  occurred  in  the 
grains  of  normalized  specimens  with  Ti(CN) 
particles,  which  grew  larger  about  10-30  nm 
distributed  uniformly  within  the  grains.  The 


Fig.  1  -  Microstructures  of  the  normalized 
specimens  of  steels  A  and  D. 

dislocation  density  in  the  grains  of  the  hot- 
rolled  steel  B  was  lower  than  that  of  steel  A. 
Most  of  the  second  phase  particles  were  of 
the  complex  ones  (TiNb)(CN),  while  few  of 
them  of  sizes  3-30  nm  belonged  to  Ti(CN)  and 
Nb(CN).  Lower  density  of  dislocations  was  in 
the  grains  of  normalized  specimens  with  se¬ 
cond  phase  particles  growing  larger,  being 
8-30  nm. 

MECHANICAL  PROPERTIES  -  The  mechanical 
properties  of  the  hot-rolled  and  normalized 
specimens  of  steels  A  and  B  melted  in  labora¬ 
tory  are  given  in  Table  2.  From  the  data  of 
this  table,  it  can  be  seen  that  the  strength 
of  the  hot-rolled  steel  A  is  somewhat  higher 
than  that  of  steel  B,  while  the  ductility  of 
the  former  is  lower  than  that  of  the  latter. 
This  fact  means  that  the  addition  of  small 
amount  of  Nb  improved  comparatively  the  com¬ 
bined  properties  of  the  hot-rolled  steel.  The 
data  of  the  normalized  specimens  show  that  the 
addition  of  small  amount  of  Nb  does  not  in- 


Table  2.  The  mechanical  properti-s  of  test  steels 


;.teel 

Condition 

Thickness 

(nun) 

(N/tntt?) 

(N/oinn 

i. 

W 

HI 

J/cm* 

(-U0-C) 

grain  size 
U3TM  No) 

A 

hot  rolling 

670 

615 

20.5 

Msmm 

2.5 

8 

B 

hot  rolling 

545 

715 

2''. 5 

5.C 

9 

A 

hot  rolling 

590 

720 

20.5 

60.5 

2.5 

7 

E 

hot  rolling 

550 

700 

21.5 

6A .  5 

A.O 

8 

A 

"it  10 

~75^ 

■  ~ 

9 

B 

normalizing 

10 

395 

5  30 

75.0 

85.0 

1  1 

A 

normalizing 

16 

395 

505 

31.0 

68.0 

35.0 

8 

B 

normalizing 

. 

U^o 

505 

31.0 

71.0 

A5.0 

10 

508 


'St  ••  1 

Oaristiont  in  mtchanical  proptrtitt 

C 

♦In 

S 

Ti 

Nb 

A.  6^ 

<MP«) 

<-40‘C  ) 

■^1  5t  ##  I 

0.08-0.20 

85 

80 

12-50 

T  i  -N6  S  t  # • 1 

1 

i^O.04 

55 

50 

42-103 

crease  the  strength  of  the  steel,  but  raises 
the  toughness  and  lowers  the  ductile-brittle 
transition  temperature.  This  is  due  to  the 
effect  of  grain  refinement  caused  by  the 
small  amount  of  Nb. 

The  amount  of  steel  made  in  the  steel 
plant  reached  700  t  already.  The  ranges  of 
chemical  compositions  and  the  variations  in 
'  !ic  mechanical  properties  are  shown  in  Table 

3. 

The  addition  of  small  amount  of  Mb  re¬ 
duced  the  variations  of  the  mechanical  pro¬ 
perties  of  Ti-bearing  steel,  making  them  more 
stable.  As  will  he  discussed  in  the  following, 
this  was  related  to  that  during  the  normali¬ 
zing  treatment  the  complex  {TiNb)(CN)  parti¬ 
cles  were  dissolved  and  coarsened  not  so  ea¬ 
sily  and  their  sizes  are  kept  more  stabili¬ 
zed. 

THE  EFFECT  OF  THE  DISSOLUTION  AND  COAR¬ 
SENING  OF  C.'VRHONITHIDES  ON  THE  GROWTH  OF  AUS¬ 
TENITE  GRAINS  -  The  microalloying  HSLA  steels 
are  characteristic  essentially  with  their  mi¬ 
crostructures  of  fine  grains,  ensuring  a  good 
combination  of  strength  and  toughness.  In  or¬ 
der  to  obtain  the  microstructures  of  fine 
grains  all  stages  and  process  variables  du¬ 
ring  hot  rolling  should  be  controlled  care¬ 
fully  after  proper  alloying  design  of  the 
steel,  such  as  the  reheating  of  slabs,  the 
rolling  temperature,  number  of  rolling  pas¬ 
ses,  the  amount  of  deformation  of  each  pass 
and  the  finishing  temperature.  First  of  all 
it  is  of  necessity  to  study  under  the  labora¬ 
tory  conditions,  the  fundamental  behavior  of 
coarsening  of  austenite  grains,  which  are  as- 
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Fig,  2  -  The  relationship  between  the 
grain  sizes  of  austenite  and 
reheating  temperatures. 

sociated  with  the  influence  rendered  by  the 
dissolution  and  coarsening  property  of  the 
carbonitr ides  of  Ti  an  Ti-Nb, 

The  coarsening  behavior  of  austenite 
grains  of  steels  A  and  B  appearing  as  abnor¬ 
mal  grain  growth  was  different  from  that  of 
the  C-Mn  HSLA  steel,  which  belonged  to  the 
normal  grain  growth,  With  increasing  reheat¬ 
ing  temperature  the  grain  growth  of  the  aus¬ 
tenite  in  steels  A  and  B  appeared  disconti¬ 
nuous  and  ..here  existed  a  coarsening  temper¬ 
ature  of  grains,  Tc.  Below  this  temperature 
almost  no  grain  growth  of  austenite  was  ob¬ 
served  with  increasing  temperature.  Even  the 
soaking  time  reached  10  hrs,  no  distinct 
grain  growth  of  austenite  occurred.  These  ap¬ 
peared  mixed  grains  consisting  of  different 
quantities  of  different  sizes  when  the  re- 
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Table  4.  The  coarsening  temperature  of  the  test  steels 


Steel  Coarsening  temperature  Temperature  r? nge  of  Growing  into  coarse 


A 

of  austenite  grains('C) 

mixed  grainsCc) 

polygonal  grains! ’C) 

A 

1100 

1100-1200 

>  1200 

B 

1150 

1150-1250 

>  1250 

heating  temperature  (holding  for  30  minutes) 
was  within  the  range  of  100  ‘C  above  Tc.  At 
first,  a  part  of  austenite  grains  began  to 
grow  with  the  large  grains  extending  to  con¬ 
sume  the  small  grains.  It  is  worth  noting 
that  the  coarsening  temperature  of  austenite 
grains  of  steel  B  was  higher  than  that  of 
steel  A  by  30*C  as  shown  in  Table  k. 

The  mean  sizes,  interparti cle  spacings 
and  volume  fractions  of  the  Ti-  and  Ti-Nb- 
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Fig.  3  -  The  relationship  between 
tbe  mean  sizes  of  carbon- 
itrides  and  the  reheating 
temperatures . 

carbonitrides  in  steels  A  and  B  at  different 
reheating  temperatures  (holding  for  30  minu¬ 
tes)  have  been  determined  by  means  of  carbon 
replicas  on  electron  microscope  and  quantita¬ 
tive  metallography.  The  results  of  determina¬ 
tion  are  shown  in  figures  3  and  A,  It  could 
be  seen  from  the  figures  that  the  rates  of 
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Fig.  k  -  The  relationship  between  the 
mean  interparticle  spacings 
and  the  reheating  temperatures. 

dissolving  and  coarsening  of  Ti-  and  Ti-Nb- 
carbonitr ides  at  temperatures  below  1100 ’C 
for  steel  A  and  1150  TJ  for  steel  B  respec- 


0 

%  # 


Fig.  5  -  The  distribution  of  Ti-  and 
T i-Nb-carbonitr ide  particles 
of  steel  B  at  reheating  tem¬ 
peratures  1000  ‘C  (a),  1100  ‘c 
(B)  and  1200  'C  (C). 
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Fig.  6  -  Identification  of  (Ti ,Nb)jj (CN)^ 
particles,  (a)  electron  diffrac¬ 
tion  pattern,  (b)  energy  disper¬ 
sive  spectrum. 

tively  was  quite  slow,  while  these  rates  be¬ 
came  very  rapid  above  these  temperatures. 

The  distributions  of  Ti-  and  Ti-Nb-carboni- 
trides  of  steel  B  at  reheating  temperatures 
1000,  1100  and  1200  ’C  (holding  for  30  minu¬ 
tes)  are  shown  in  fig.  5. 

It  should  be  pointed  out  that  the  onset 
temperature  of  rapid  dissolving  and  coarsen¬ 
ing  of  Ti-  and  Ti-Nb-carbonitrides  of  steel 
B  has  been  raised,  as  compared  with  that  of 
steel  A,  by  50 *C.  The  complex  Ti-Nb  carboni- 
trides  of  steel  B  have  been  identified  as  the 
ordered  phase  (Ti , Nb) ^ (CN) by  means  of  elec¬ 
tron  diffraction  and  energy  dispersive  spec¬ 
trum  analysis. 

According  to  the  theory  of  the  effect  of 
second  phase  particles  on  the  grain  growth  of 
austenite,  the  critical  radins  of  the  parti¬ 
cle  is  given  by 

^  6nof  /  1  _  2  ^-1 

lent  “  ^  '  2  “  Z  ' 

For  steel  A  at  1100 ‘C,  f^-0.l6^,  Z=>3.0,  and 
steel  B  at  1150  ’C,  fj,=0.17^,  Z-3.0,  the  va¬ 
lues  of  critical  radii  of  the  particles  in 
steels  A  and  B  calculated  from  this  expres¬ 
sion  were  30  and  40  nm,  and  those  of  the  in¬ 
terparticle  spacings  are  600  and  700  nm  res¬ 
pectively.  These  calculated  values  were  al¬ 
most  coincident  with  the  observed  data  ob¬ 


tained  under  TEM  and  by  quantitative  raetal- 
logrp phy. 

The  discontinuous  behavior  of  the  grain 
growth  of  austenite,  which  was  different  from 
that  of  C-Mn  HSLA  steel,  of  steels  A  and  B  in 
the  reheating  temperature  range  900-1250  ’C 
and  the  occurrence  of  a  coarsening  tempera¬ 
ture  can  be  attributed  to  the  pinning  of  the 
austenite  grain  boundaries  by  the  dispersive 
carbonitrides  existed  in  the  steel. 

In  the  case  that  the  pinning  force  was 
less  than  the  force  of  migration  of  grain 
boundary  (activation  energy,  etc),  the  grains 
started  to  grow  rapidly.  Under  constant  value 
of  volume  fraction  of  the  second  phase  parti¬ 
cles,  the  pinning  force,  instead  of  depending 
on  the  critical  radius  of  the  particles,  was 
actually  controlled  by  the  critical  interpar¬ 
ticle  spacings  and  the  density  of  the  parti¬ 
cles.  The  dense  distribution  of  the  second 
phase  particles  inhibited  the  migration  of 
grain  boundaries.  Observations  of  steels  A 
and  B  in  the  temperature  range  100  'C  above  Tc 
under  TEM  indicated  that  not  only  the  second 
phase  particles  were  dissolved  and  coarsened 
rapidly,  but  their  grain  sizes  and  distribu¬ 
tion  became  quite  inhomogeneous.  Thus  it  ap¬ 
peared  that  the  particles  were  dense  in  some 
micro-regions,  where  the  growth  of  austenite 
grains  were  impeded,  and  rare  in  other  re¬ 
gions,  where  the  austenite  grains  were  able 
to  grow,  resulting  in  mixed  grains.  It  was 
also  observed  that  the  second  phase  particles 
in  steel  B  appeared  denser  and  smaller  than 
in  steel  A  at  the  same  reheating  temperature 
(llOO'C).  This  might  be  attributed  to  the 
slow  coarsening  rate  of  the  complex  (Ti,Nb) 
(cm)  particles  of  steel  B,  as  compared  with 
that  rate  of  the  Ti(CN)  particles  of  steel  A. 
That  is  the  complex  (Ti,Nb)(CN)  particles 
were  more  stable  than  the  Ti(CN)  particles. 
This  explains  why  the  coarsening  temperature 
Tc  of  austenite  grain  of  steel  B  was  higher 
than  that  of  steel  A  by  50  'C. 
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Fig.  7  -  Dynamic  RTT  curves  of  C-Mn 
steel  and  steels  A  and  B. 

THE  EFFECT  OF  Ti-  AND  Ti-Nb  ON  DYN/UfIC 
HECRYSTALLIZATION  -  The  experiments  of  dyna¬ 
mic  recrys tal 1 izat ion  was  conducted  on  the 
GLEEDLE^1500  testing  machine.  The  specimens 
of  <t>8xl2  were  heated  to  the  austenite  temper¬ 
ature  1250 ‘C  for  5  minutes,  cooled  to  testing 
temperature  within  35  s,  kept  isothermal ly 
for  30  s  and  subsequently  compressed  in  the 
temperature  range  of  900-1100 *C  with  the  same 
strain  rate  10  ^/s  and  a  total  amount  of  re¬ 
duction  bO^,  The  flow  curves  o-t  were  recor¬ 
ded  automatically.  From  the  data  obtained  the 
dynamic  RTT  curves  were  plotted,  as  shown  in 
fig.  b.  It  could  be  seen  from  the  figure  that 
the  addition  of  Ti  or  Ti-Nb  to  the  C-Mn  steel 
resulted  in  retarding  the  dynamic  recryctal- 
lization.  It  is  worth  noting  that  the  addi¬ 
tion  of  small  amount  of  Nb  somewhat  retarded 
dynamic  recrystallization  so  that  the  RTT 
curve  moved  towards  the  right  side.  In  the 
low  austenite  temperature  range,  this  retar¬ 
ding  effect  appeared  more  distinct.  At  pre¬ 
sent  there  is  still  dispute  on  the  question 
whether  the  retarding  effect  on  the  recrys¬ 
tallization  of  austenite  by  Ti  or  Nb  is  due 
to  the  solute  atoms  or  the  precipitated  par¬ 
ticles.  It  is  reported  in  literature  that  the 
PTT  curve  of  Ti (CN)  ,Nb(CN)  has  been  determin¬ 


ed.  We  have  observed  the  distributions  of 
Ti(CN)  and  (Ti,Nb)(CN)  particles  resulting 
from  strain- induced  precipitation  in  the 
steels  A  and  B,  under  TEM  in  detail.  The  ob¬ 
servations  indicated  that  it  appeared  a  part 
of  dispersed  particles  arisen  from  strain- 
induced  precipitation  in  the  temperature 
range  of  900-1100  'C,  especially  in  that  less 
than  1000  "C.  These  precipitated  particles  has 
the  influence  of  retarding  the  recovery  and 
recrystallization  in  steels  A  and  D.  There¬ 
fore,  the  retardation  of  dynamic  recrystalli¬ 
zation  in  steels  A  and  B  arose  primarily  from 
the  precipitation  of  Ti-  or  Ti-Nb  particles, 
and  the  solute  atoms  had  only  secondary  ef¬ 
fect. 

CONCLUSIONS 

(1)  The  addition  of  small  amount  of  Kb 
to  the  C-Mn-Ti  steels  after  normalizing  treat¬ 
ment  gave  rise  to  the  refinement  of  grains, 
stabilizing  the  mechanical  properties  and 
improvement  of  impact  toughness  at  low  tem¬ 
peratures. 

(2)  The  rise  of  the  coarsening  tempera¬ 
ture  of  austenite  grains  by  50 *C  in  the  C-Mn- 
Ti  steel  added  with  small  amount  of  Nb  can  be 
attributed  to  the  precipitation  of  complex 
(Ti,Nb)(CK)  and  the  increase  of  the  stability 
of  carbonitride  particles. 

(3)  The  retardation  of  dynamic  recrys¬ 
tallization  in  the  C-Mn  steel  added  with  Ti 
or  Ti-Nb,  especially  in  the  temperature  range 
less  than  1000 *C,  arose  primarily  from  the 
strain-induced  precipitation  of  Ti-  or  Ti-Nb- 
carbonitrides  and  the  solute  atoms  had  only 
secondary  effect, 
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DEVELOPMENT  AND  INVESTIGATION 
OF  TITANIUM  STEELS 


He  Yongkang 

Department  of  Science  and  Technology 
Anshan  Iron  and  Steel  Complex 
Anshan,  Liaoning.  P.R.China 


ABSTRACT 

On  the  base  of  producing  high-titaniuin  steels 
(O.l^Ti),  low-titanium  and  micro-titanium 
steels  have  also  been  developed  by  /Anshan 
Iron  and  Steel  Complex  in  recent  years.  In¬ 
vestigations  have  shown  that  even  if  the 
weight  of  ingot  exceeds  10  tons,  the  size  of 
TiN  particles  can  still  be  controlled  in  the 
range  of  10-50  nm.  Thereafter,  controlled 
cooling  Ti-bearing  reinforcing  bars  and  steel 
strips  produced  by  recrystallization  control¬ 
led  rolling  process  (RCR)  were  developed,  and 
the  combined  adding  of  Nb-Ti  was  also  inves¬ 
tigated. 


AS  EARLY  AS  1957,  the  first  HSLA  steel  of  our 
country— l6Mn(ST52)  was  trial-produced  by 
Anshan  Iron  and  Steel  Complex  (AISC).  In  the 
sixties,  micro-alloyed  steels — niobium  steel, 
vanadium  steel  and  titanium  steel  were  fur¬ 
ther  developed.  Thereafter  In  the  eighties, 
the  National  Science  and  Technological  Com¬ 
mission  decided  to  reform  AISC  to  a  base  of 
IfSLA  steels  of  our  country,  hence  the  produc¬ 
tion  of  HSLA  steels  of  AISC  increased  rapid¬ 
ly  (fig.l). 
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Fig.  1  -  /Annual  output  of  HSLA  steels 

Vanadium  steels:  IfiMnMoV  steel  for  ves¬ 
sels  and  15McVN  steel  were  developed  in  the 
sixties,  and  in  recent  years,  vanadium  steels 
have  been  well  expanded.  The  largest  bridge 
of  our  country — Changjiang  Bridge  across  Jiu- 
jiang  River  is  speeding  up  in  the  construction 
today  and  the  main  components  are  all  made  of 
l5MnVN  provided  by  AISC. 

Niobium  steels:  ISUnMoNb  steel  and 
40UnMoNb  steel  were  also  developed  in  the 
sixties,  but  owing  to  ferroniobium  is  rather 
expensive  in  our  country,  the  development  of 
niobium  steels  are  restricted.  Since  AISC  co¬ 
operated  with  CBMli,  niobium  steels  began  to 
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develop  rapidly,  and  the  applying  of  niobium 

in  high-carbon  steels  and  low-carbon  steels 

have  all  advanced  significantly. 

Titanium  steels;  AISC  began  to  add  mi— 

cro-Ti  (<0,03^)  into  l6Mn  steel  in  the  early 

of  i960  in  order  to  promote  grain-refinement 

and  improve  the  properties  of  toughness  and 

weldability,  and  the  first  microalloying 

steel  of  our  country — 15MnTi  was  successfully 

developed  for  the  use  in  ship-building.  Since 

1973,  a  series  of  titanium  steels  represented 

by  lOTi,  including  06Ti,  15Ti  were  developed 

to  meet  the  demands  of  high-strength  formable 

steels  in  automotive  industry  (fig. 2),  and  a 
t 

.  1 

5CC1V- 


'  I'ISi  -W5  ilU  .f85  •?87  ' 

Fig,  3  -  Curve  of  annual  output 
of  titanium  steels 
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Fig.  2  -  Annual  output  of  low-carbon,  low- 
manganese  and  titanium  steels 


series  of  Un-Ti  steels  represented  by  13MnTi, 
including  13MnTi  for  the  use  of  mobiles  and 
engineering  machinery.  All  these  steels  a- 
chieved  good  results  and  millions  of  trucks 
manufactured  of  titanium  steels  are  running 
throughout  the  country.  The  annual  output  of 
titanium  steels  of  AISC  was  nearly  100  thou¬ 
sand  tons  last  year  (fig. 3).  However,  owing 
to  the  fact  that  titanium  steels  (about  0»1% 
Ti)  are  easy  to  block  up  the  sprue  gate  du- 


The  TR2  Ti-bearing  reinforcing  bars  are 
produced  by  the  Temp-Core  controlled  cooling 
technique.  The  TiN  particles  sizes  of  10-50 
nm  in  TR2  reinforcing  bars  can  restrict  the 
growth  of  austenite  grains,  retard  the  re- 
crystal  1  izatinn  and  refine  ferrite  grains.  In 
addition,  the  Ti(C,N)  particles  can  strength¬ 
en  the  ferrite  matrix.  After  Temp— Core  pro¬ 
cessing,  dilferent  micro-structures  are  for¬ 
med  across  the  section  of  TRo  reinforcing 
bars,  resulting  in  phase-trans f ormat ion 
strengthening  (fig. 4). 

According  to  formula  HW,  the  Cgq_  of  TRo 
steel  is  32.3,  and  that  of  20UnSi  steel,  a 
traditional  reinforcing  bar  steel  used  in 
China,  is  44.3.  This  means  that  titanium  will 
shift  the  nose  cone  of  CCT  to  the  shorter  du- 


516 


Fig.  k  —  Different  microatructures 
on  the  section  of  TRo 
reinforcing  bars, 

ration  time  and  hinder  the  formation  of  mar¬ 
tensite,  and  resulting  in  the  martensite  of 
the  outmost  layer  is  less.  This  part  will  be 
squeezed  to  the  convejt  positions  of  the  weld 
during  butt-welding  and  this  will  improve  the 
weldability  of  reinforcing  bars.  Since  aging 
of  reinforcing  bars  is  caused  by  nitrogen, 
therefore,  adding  elemenf  which  bears  strong 
combining  capacity  with  nitrogen  into  rein¬ 
forcing  bars  will  decrease  the  sensivity  to 
natural  strain  aging.  The  back-bending  tests 
of  TR^  reinforcing  bars  after  aging  were  all 
qualified,  and  the  fatigue  properties  of  TRo 
were  better  than  that  of  20MnSi  steel,  the 

of  low-eyel*  fatigue  of  the  former  is 
0,52,  while  that  of  the  latter  is  0,'i5.  The 
production  cost  of  TR2  reinforcing  bars  is 
lower  than  that  of  20MnSi  due  to  the  save  of 
Mn-Si  alloys.  Now  TRo  steel  have  been  mass- 
produced  and  applied  in  many  important  eng¬ 
ineer  i  ngs . 

RFCRYSTALLIZATION  CONTROLLKD  ROLLING 
OF  Mn-V-N-Ti  STEEL 


ing  (about  20  ‘C/s)  have  better  properties 
than  that  of  the  air-cooled  strips,  e.g.,  o'* 
reduced  from  10  ;un  to  6. 7-7. 8  pm;  Cs  increas¬ 
ed  by  98  MPa,  and  the  banded  structures  have 
almost  been  eliminated  (fig.5)> 


’  I 
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Fig,  5  -  Microstructure  of  09MnVTiN' 
steel  plates,  5  mm  thick, 
(F+I’)  ,  D=7.8  pm,  500  Z 


Investigations  indicated  that  there  are 
four  types  of  second-phase  particles  in  the 
Mn-V-N-Ti  steel : 

a.  Tiny  TiN  particles-  of  which  the  sizes 
can  be  controlled  in  the  range  of  10  to  lo  pm 
(fig. 6)  even  if  the  weight  of  ingots  exceeds 
10  tons.  The  temperature  of  austenite  grain 
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Strips  of  Mn-V-N-Ti  steel  containing 
0,09^C  have  been  produced  in  batches.  Strips 
produced  by  RCR  followed  by  controlled  cool- 


Fig,  b  -  Ti(C,N)  particles 
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coarsening  will  be  increased.  The  equi-axial 
ferrite  grain  sizes  less  than  10  )im  can  be 
obtained  by  controlled  rolling  even  at  fi¬ 
nishing  rolling  temperature  of  about  930  t. 

b.  V(C,N)  particles  sizes  of  7«5-25  nm- 
The  strengthening  effect  on  the  ferrite  ma¬ 
trix  is  mainly  attributed  to  them. 

c.  Complex  TiN  phase-  TiN  particles  with 
a  black  nuclei  of  mCaO»nAl20'5  and  an  outer 
layer  of  MnS.  This  kind  of  complex  inclusions 
which  the  bigger  sizes  are  3-10  pm,  will  be 
transformed  to  spindle-like  shape  after  hot 
rolling,  they  are  disadvantageous  to  both 
strength  and  toughness  of  the  steel  (fig. 7). 


•  “ 


Fig.  7  -  Complex  inclusions  (mCaO* 
nAloO-j+TiN+MnS )  of  TiN 
particles,  800)4 

By  means  of  ladle  refining  treatment, 
e.g.,  injecting  Ca-Si  powder  into  the  molten 
steel  in  the  ladle,  and  form  some  low-melting 
point  inclusions,  which  can  be  removed  by  in¬ 
jecting  Ar  into  the  ladle. 

d.  (V,Ti)N  and  (Ti,V)(C,N)  particles 
sizes  more  than  50  nm.  They  consist  of  TiN 
nuclei  grew  according  to  epitaxial  mechanism 
and  VN+VC  shells,  which  awe  formed  during 
cooling  of  the  ingots  after  casting.  They 
will  decrease  the  strengthening  effect  of 
ferrite. 

The  mechanical  properties  of  continuous 
rolled  Mn-V-N-Ti  steel  strips  of  0,09^C  are 
as  fo 1  lows : 

(Ts,  UPa  (Tb,  Ml'a  \k  (-A0  'C ) ,  J/ cm~ 

450  600  UU 


The  strips  are  produced  in  batches  and 
supplied  to  the  automotive  industry  and  eng¬ 
ineering  machinery. 

Mn-Ti-Nb  PLATES 

AISC  has  also  investigated  and  developed 
the  co-adding  of  niobium  and  titanium  into 
the  steels.  Whether  adding  a  slight  amount  of 
niobium  into  Mn-Ti  steel,  or  adding  a  slight 
amount  of  titanium  into  Mn-Nb  steel,  products 
of  good  properties  can  all  be  obtained.  Take 
12Mn-Ti-Nb  steel  for  example: 

Chemical  compositions 


c 

Mn 

P  S 

li 

Nb 

0.13 

0.48 

1.52 

0.016  0.005 

0.15 

0.024 

Mechanical 

properties 

Plate- 

■  thick ,  ram  (Ts 

.MPa  CTb.MPa 

20  420  560 

•'^kv’  -^ku,  J 

-20''*C  ^0  ’C 

129-137  78-94  90-110 

It  can  be  seen  from  the  lists  above  that 
after  adding  niobium  into  Mn-Ti  steel,  we  can 
acquire  a  fine-grain  high-strength  steel  with 
comprehensive  properties  of  good  ductility, 
low  transition  temperature,  good  formability 
and  good  weldability.  Considering  from  strict 
economic  view  point,  the  combined  adding  of 
Ti-Nb  is  desirable, 

THB  ADVANTAGES  OP  MICRO-Ti  STEELS 

Micro- t itanium  was  also  added  into  carbon 
steel  (boiler  steel  plate  20G),  manganese 
steel  (l6Mn  steel  for  vessels)  and  niobium 
steel.  Investigations  show  that  even  in  the 
case  of  large  ingot  moul d-cas t ing ,  there  are 
still  the  following  advantages; 

1.  Reducing  free  nitrogen.  Improving  the 
aging  pro,je;'ty. 

2.  Reducing  free  nitrogen,  increasing 

tangbaaaa. 

3.  Forming  fine  TiN  particles,  raising 
the  temperature  of  grain  coarsening  of  aus- 


29 

NDT 

-65  *C 
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tenite  (TGC). 

4.  Retarding  austenite  transformation, 
lowering  the  transformation  temperature, 
resulting  in  increasing  the  probability  of 
ferrite  nucleation  and  refining  the  ferrite 
grains. 

3.  Rolling  deformation  may  induce  the 
precipitation  of  Ti(C,N)  and  retard  the  re- 
crystallization  of  austenite. 

6.  Precipitation  of  fine  Ti(C,\')  in  fer¬ 
rite  may  induce  precipitation  hardening  and 
increase  O' s. 

7.  Improving  the  toughness  of  HAZ. 

8.  Increasing  the  strengthening  effect  of 
Nb  in  Nb-hearing  steels  and  improving  their 
ability  to  bear  chilling  and  rapid  heating. 
Combination  of  Ti  and  Nb  microalloying  may 
give  better  economic  benefits. 

The  annual  output  of  Ti-raicroalloyed 
steels  in  China  have  exceeded  300»000  tons  in 
1986. 

CONCLUSIONS 

V-Ti  steel,  Nb-Ti  steel  and  microalloyad 
steels  containing  small  amount  of  titanium 
have  developed  extensively.  We  believe  that 
this  developement  will  be  faster  in  the  fu¬ 
ture  as  some  new  techniques,  such  as  pre¬ 
treatment  of  molten  iron,  top-bottom  blowing 
converter,  injecting  metallurgy,  continuous 
casting  and  controlled  cooling,  etc,  are  ap- 
pl ied. 
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THE  EFFECT  OF  COMBINED  ADDITION  OF 
NIOBIUM  AND  TITANIUM  ON  LOW 
CARBON-MANGANESE  STEEL 


(FIRST 

Yao  Weixun,  Xia  Diepei,  Ao  Liege 

Institute  of  Iron  &  Steel  Research 
Anshan  Iron  and  Steel  Complex 
Anshan,  PR.Chlna 

IT  IS  VERY  IMPORTANT  TO  KNOW  the  behavior 
of  grain  coarsening  and  recrystallization  of 
austenite  under  hot  deformation  in  regu¬ 
lating  a  proper  rolling  schedule  for  mi- 
croalloyed  steels.  A  lot  of  research  works 
about  these  topics  have  been  carried  out 
both  in  our  country  and  abroad,  and  the 
effect  of  V,  Ti  and  Nb  elements  on  con¬ 
straining  the  austenite  grain  growth  and 
retarding  recrystallization  are  affirmed 
unanimously.  There  are  three  opinions  a- 
bout  the  delay  mechanism,  i.e.  (a)  the 
solute  drag  effect;  (b)  the  pinning  effect 
of  precipitates  and  (c)  both  (a)  and  (b) 
function  at  the  same  time.  It  becomes 
more  complex  as  different  microalloy  ele¬ 
ments  are  added  simultaneously.  This  paper 
inquires  into  a  low  C-Vin  steel  with  Nb  and 
Ti  added  coalescently  about  the  following 
aspects ; 

1.  The  tendency  of  austenite  grain 
growth  during  reheating; 

2.  Effect  on  the  precipitation  kine¬ 
tics  of  carbonitrides  and  on  the  recrys¬ 
tallization  of  austenite; 

"5.  The  mechanical  properties  attain¬ 
ed  under  the  present  production  condition 
in  Anshan  Iron  and  Steel  Complex. 

"•This  paper  Ts  the  master  dissertation  writtet 


REPORT) 

Feng  Zemin,  Zhang  Xiaogang* 

Department  of  Metallic  Materials 

Northeast  University  of  Technology 
Shenyang,  P.R.China 

MATERIALS  AND  PROCEDURES 

MATERIALS  -  The  chemical  analysis  of 
the  steels  studied  in  this  work  is  given 
in  table  1.  Before  rolling,  the  ingots  were 
forged  to  25  mm  thick  slabs,  the  slabs  were 
homogenized  at  1200'C  and  hot  rolled  in 
five  passes  to  7  "ua  thick  plates  with  two 
different  finishing  temperatures  which  were 
960-1000*C  and  840-860  t  for  steels  1  to  7 
and  steels  8  to  10  separately.  For  steels 
8  to  10  only  one  finishing  temperature 
ranges  about  930-960  *C  was  adopted.  After 
hot  rolling,  the  plates  were  cooled  to  a- 
bout  650 ’C  rapidly,  and  then  held  in  a  fur¬ 
nace  of  600  t  for  0,5-1  hour  and  followed 
by  furnace  cooling  to  room  temperature  so 
as  to  simulate  the  coil  cooling  of  steel 
strip  after  commercial  rolling. 

EXPERIMENTAL  PROCEDURES  -  Tensile  spe¬ 
cimens  of  5  mm  dia.  and  Charpy  V-notcb  im¬ 
pact  specimens  (I/2  size)  were  cut  from  the 
plate  along  transverse  direction.  Because 
the  results  of  mechanical  properties  of 
steels  2  to  6  were  not  satisfied,  so  more 
detailed  observations  were  merely  dealt 
with  samples  1  and  7,  especially  with  sam¬ 
ples  8  to  10. 

The  hot  compression  test  were  carried 
by  /.hang  Xiaogang. 
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Tablt  i  •  Chtuiioal  Cow^osition  oP  the  Stttli  (MtX) 


Method  of  SteelmaKina 
Macuum  Inductiion  Furnace 


Induction  Furnace 


out  on  Gleeble-1500  Tester,  the  sample  size 

is  <plOX12  mm  with  <^8x0.2  mm  deep  recesses  on 

both  ends.  They  are  reheated  at  1200 *C  for 

5  min  and  deformed  at  925,  975  and  1025 *C 

-4  -1/ 

with  a  series  of  strain  rate  from  10  -10  ^ 

the  strain  is  40 

The  microstructures  of  as  rolled  sam¬ 
ples  were  observed  with  optical  microscope 
and  as-quenched  deformation  specimens,  the 
austenite  grain  growth  of  steels  8  to  11 
were  observed  under  a  HU-4  high  temperature 
microscope  between  900-1200 *C  at  intervals 
50 *C  and  held  30  min  at  each  temperature. 

As  the  carbonitrid*  particles  which 
intensively  affect  the  retardation  of  re¬ 
crystallization  and  the  growth  of  the  aus¬ 
tenite  grains  in  microalloying  steels  are 
very  fine,  we  adopt  SPEED  method  to  extract 
the  precipitates  smaller  than  100  nm  and 
examined  under  a  H-700H  electron  microscope, 
with  the  aid  of  X-ray  energy  spectrometer 
and  electron  diffraction  spots  to  analyse 
their  structures  and  constituents.  The  mor¬ 
phology,  distribution  of  the  precipitated 
particles,  the  dislocations  and  substruc¬ 
tures  in  steels  were  also  observed  with  me¬ 
tal  foils. 


RESULTS 

MECHANICAL  PROPER'  Mechanical  pro¬ 

perties  of  the  test  si  ..  ci  'howee 
table  2  with  the  exC’  '.1  of  .ceel  1  whose 

strength  and  toughnesc  are  slightly  higher 
at  lower  FRT,  the  strengths  of  steel  2  to  6 
are  all  higher  at  high  FRT,  but  the  tough¬ 
ness  are  quite  lower.  In  spite  of  lower  car¬ 
bon  content  of  steel  7,  the  strength  is  just 
the  same  as  steels  with  higher  carbon  con¬ 
tent  and  the  toughness  is  good  also.  The 
steels  8  and  9  haws  better  properties  than 
steels  1  and  2  which  possess  much  higher 
carbon  contents  and  with  approximately  the 
same  contents  of  other  alloy  elements.  The 
steel  10  which  contains  Ti  solely  has  the 
lowest  strength. 

As  seen  in  table  2,  despite  of  the 
condition  of  rolling  and  cooling,  the  steel 
that  contains  Ti  only  had  very  low  strength, 
and  the  strengths  increase  significantly 
when  combined  addition  of  Nb  and  Ti  was  used 
in  the  steels.  The  strength  increases  and 
toughness  decreases  with  inereasing  Nh,  and 
the  descending  extend  is  greater  at  higher  C 
level. 

This  investigation  shows  that  it  is 
possible  for  a  low  carbon  (0,06jtC)  steel 
containing  Nb  and  Ti  to  get  the  same  strength 
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Tablt  2  .  Maohanioal  Praatrtiti  oF  Ttit  Stidi 


Ho 

0 

.2^X5, 

(MPa) 

7.S. 

(MPa) 

o.2%ys^j^ 

E/. 

(X) 

RX 

(%) 

CON(J) 

H 

L 

H 

L 

H 

L 

H 

L 

H 

L 

H 

L 

1 

462 

486 

615 

627 

0.74 

0.78 

27.5 

26.3 

71.0 

72.8 

51.5 

60,0 

2 

566 

514 

699 

649 

0.81 

0.79 

22.3 

26.3 

67.0 

69.5 

33.5 

46.0 

3 

607 

546 

742 

684 

0.82 

0.80 

20.0 

25.0 

68.0 

68.0 

19.0 

34.0 

4 

S89 

477 

726 

637 

0.80 

0.75 

21.7 

25.3 

67.3 

70.5 

22.5 

55.0 

5 

665 

558 

783 

681 

0.85 

0.82 

22.3 

24.3 

66.5 

70.5 

21.5 

39.0 

6 

656 

552 

777 

662 

0.65 

0.83 

19.0 

26.0 

66.0 

69.5 

16.0 

45.5 

7 

591 

558 

684 

676 

0.86 

0.83 

21.7 

23.3 

72.5 

70.5 

60.5 

54.0 

8 

470 

563 

0.83 

25.5 

72.0 

54.5 

9 

553 

633 

0.87 

22.3 

72.8 

51.8 

10 

320 

431 

0.74 

32.5 

77.0 

59.0 

H - hiah  FRT,  L - low  FRT 

as  the  steels  with  O.lb^C  and  much  better 
toughness  than  those  of  high-C  content 
steels,  with  conventional  rolling  and  con¬ 
trolled  cooling. 

MICROSTRUCTURE  -  There  are  three  kinds 
of  nicrostrncture  in  the  steels  after  con¬ 
trolled  rolling  and  cooling: 

1)  The  Bicrostructures  in  steels  1  to 
6  are  all  ferrite  and  pearlite.  The  differ¬ 
ence  is  that  eqniaxed  polygonal  ferrite 
grains  from  lower  FRT,  compared  with  that  at¬ 
tains!  at  higher  FRT  are  finer  on  the  contrary, 
and  there  is  a  tendency  for  ferrite  to  be¬ 
come  unequiaxed  with  less  and  disperse  pear¬ 
lite  (fig.l). 

2)  In  steel  7  with  lower  carbon  content, 
the  microstructure  is  consisted  of  fine  aci- 
cnlar  ferrite,  which  is  quite  different  from 
steel  1  to  6.  No  matter  what  FRT  is  used,  we 
can  hardly  see  pearlite  in  it  (fig. 2a).  How¬ 
ever,  at  lower  FRT,  the  acicular  ferrite  be¬ 
comes  a  little  coarser  conversely, 

3)  The  mierostructures  in  steels  8  to 
10  are  composed  of  mixtures  of  unequiaxed 
and  acicular  ferrite  (fig. 2b).  With  decreas¬ 
ing  of  Nb  and  Ti  contents  and  cooling  rate, 
the  grains  become  coarser.  In  addition,  there 
are  some  cementite  particles  in  these  three 


steels,  the  amount  of  them  are  larger  in 
steel  10  with  higher  carbon  content  (fig. 3) 


b,  high  FRT  40  yUM 

Fig.  1  -  F'fP  in  high  carbon  content  steel 

From  the  observation  of  thin  foils  for 
electron  microscopy  prepared  along  the  rol¬ 
ling  direction  of  the  plates,  it  is  found 
that  most  of  the  matrices  of  acicular  and 
unequiaxed  ferrite  are  composed  of  lath 
substructures  with  high  dislocations.  There 
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Fig.  2-  Unequiaxed  and  acicular  F  Fig.  3  -  Ferrite  and  Cementite 


Particles 

are  also  some  nearly  equiazed  substructures  steels  8  and  9  are  nearly  '^he  same  in  size, 

in  them  (fig.  4).  The  dislocation  density  in  but  the  amooat  of  particles  in  steel  9  was 

cell-structures  of  two  kinds  of  substructures  about  three  times  of  that  in  steel  8.  A  sta- 
are  very  similar,  but  with  less  dislocations  tistics  on  the  size,  distribution  and  mean 

in  the  center  portion  of  the  equiazed  sub-  spacing  of  precipitated  particles  is  tabula- 

structures.  It  means  that  the  crystal  struc-  ted  in  table  3.  It  shows  that  most  of  the 

ture  are  relatively  perfect  in  this  region.  particles  are  smaller  than  30  nm  in  diameter, 

There  are  some  dislocations  in  the  center  the  spacing  between  particles  is  smaller  in 

area  of  the  lath  substructure,  but  the  dis-  steel  9  than  in  the  other  steels,  and  that 

location  density  is  much  smaller  than  that  in  of  steel  10  is  the  biggest. 

the  cell  structure.  The  cell  structure  are  Chemistries  of  precipitates  of  different 

net  works  composed  of  dislocation  tangles  as  sizes  in  steel  8  and  9  were  studied  with  the 

observed  under  higher  magnifications  (fig.  aid  of  EDAX,  the  results  show  that  almost  all 

The  dislocations  are  pinned  by  precipitates,  particles  whose  sizes  are  between  50  and  150 

and  the  higher  the  dislocation  density  is,  nm  contain  both  Vb  and  Ti  simultaneously,  and 

the  more  the  precipitates  are.  It  is  more  the  amount  of  Ti  reduces  as  the  particle  size 

evident  in  steel  9.  decrease,  but  the  Nb  contents  in  particles 

THE  SIZE,  DISTRIBUTION  AND  CHEMICAL  nearly  have  no  changes  (fig.  7). 

ANALYSIS  OF  PRECIPITATES  -  Carbon  extracted  THE  TENDENCY  OF  AUSTENITE  GRAIN  GROWTH 

replicas  for  electronic  microscopic  ezamin-  IN  THE  STEELS  -  A  high  temperature  micros- 

ation  of  precipitates  were  prepared  on  metal-  cope  was  used  to  observe  the  tendency  of 

lographic  specimens  with  SPEED  method.  Any  grain  growth  of  austenite.  The  grain  sizes  of 

precipitates  are  hardly  seen  in  the  hot  com-  steels  8  to  11  during  reheating  were  deter- 

pression  specimens  quenched  from  1220 *C.  mined  by  linear  intercept  method  and  plotted 

With  increasing  Nb  and  Ti  contents,  the  versus  temperature  (fig.  8),  The  grain  sizes 

number  of  carbonitride  become  more  and  more  of  the  common  C-Mn  steel  and  0.015!fTi  steel 

in  steels  8  to  10,  which  were  controlled  at  900  "C  are  the  same.  The  grain  growth  rate 

cooled  after  hot-rolling.  The  majority  of  the  of  steel  11  is  about  3— (>  /<m/50  "C  between  900- 

precipitates  is  fine  in  sizes  of  the  order  1000  *C  and  increases  to  15-2Dum/^*C  above  1050  *C. 

between  10-30  nm  (see  fig.  6a,b,c  and  table3).  The  grain  sizes  of  the  three  kinds  of  steel 

In  the  steel  that  contains  0.015^Ti  only,  not  with  Nb  or  Ti  additions  almost  have  no  change 

only  the  precipitates  are  less  in  quantity  below  950  ‘C,  and  grow  up  homogeneously  and 

but  also  bigger  in  sizes.  The  precipitates  in  slowly  till  1100 ‘C.  Even  with  steel  10,  which 
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contains  small  amount  of  Ti  enly,  the  grains 
also  begin  to  coarsen  obviously  till  1150  "C. 
When  the  temperature  raises  to  about  1100 *C, 
some  abnormal  grain  growth  appear  in  indivi¬ 
dual  area  in  the  steels,  and  is  more  evident 
in  steel  10.  The  grains  grow  rapidly  for  all 
four  kinds  of  steels  between  1150-1200 *C, 
however,  the  rate  of  growth  reduces  along 
with  increasing  of  Nb  and  Ti  contents,  and  it 
becomes  more  obvious  when  Nb  and  Ti  are  added 
together,  especially  with  the  increasing  Nb 
content. 

INFORMATION  OF  DYNAMIC  PRECIPITATION  AND 
RECRYSTALLIZATtON  FROM  THE  TRUE  STRAIN-STRESS 
CURVES 


(T  -6  Curves  -  The  true  stress  and  strain 
curves  of  steels  7,8,9  and  10  showed  in  fig. 

9a  were  measured  by  hot  compression  tests  on 
Gleeble-1500,  Under  the  test  condition  adop¬ 
ted,  the  stresses  in  steel  1  and  7  increase 
continuously  with  ascending  strains  owing  to 
the  high  contents  of  A1  in  them,  this  means 
that  the  re8is^ance8  to  deformation  increase. 
The  flow  curves  for  other  steels  are  typical 
of  recrystallization.  Figs. 9b  and  9c  show  the 
(T-E  curves  of  steels  obtained  under  the  condi¬ 
tions  of  the  same  deformation  temperature 
with  different  strain  rate,  and  with  the  same 
strain  rate  at  different  deformation  tempera- 
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50-80  nil  precipitates  b.  80-100  nsi  precipitates 
Fig.  7  -  The  content  of  Nb  and  Ti  in  precipitates 
of  different  sizes 
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Fig.  8  -  The  relation  between  austenite 
grain  size  and  temperature 


a.  steels  of  different  b.  same  composition  and  tern-  c.  same  5  and  composition  but 
compositions  perature  but  different^  different  temperatures 

Fig.  9  -  True  stress-strain  curves 


lures  seperately.  It  can  be  seen  that  the 
peak  stress  is  descending  (ascending),  and 
the  peak  shifts  to  the  side  of  lower  (higher) 
strain  according  to  increasing  (decreasing) 
deformation  temperature.  The  process  of  high 
temperature  deformation  would  not  attain  the 
dynamic  recrystallization  state  and  exhibits 
a  typical  characteristics  of  recovery  when 
the  temperature  is  below  925  "C  or  strain  rate 
is  higher  than  10~^/s.  It  shows  a  similar  be¬ 


havior  with  the  result  of  the  earlier  studies 
On  account  of  the  £p  on  the  flow  curves  is 
approximately  corresponding  to  the  critical 
strain  of  dynamic  recrystallization,  the  re¬ 
lation  between  £p  and  d  may  be  used  to  study 
the  effect  of  various  chemical  compositions 
end  deformation  conditions  on  dynamic  recrys¬ 
tallization.  Fig.  10  shows  the  £p- 6  curves 
at  1025 *C  of  the  conventional  C-Mn  steel  and 


the  steel  which  contains  Nb  and  Ti.  From  the 


f 


curves  we  know  that  the  steels  microal loyed 
with  Nb  and  Ti  have  higher  peak  strain  than 
conventional  C-Mn  steel  at  any  strain  rate. 
This  means  the  influence  of  Nb  and  Ti  addi¬ 
tion  on  retarding  dynamic  recrystallization. 
Pig.  10  also  shows  that  in  a  certain  range 
of  strain  rate  an  unusual  peak  appears  on 
the  tp- £.  curves  of  Nb  and  Ti  containing 
steel . 


10"  10  '  10"  10" 
sirain  rale  (s'*) 


Fig.  10  -  fep-fe  curves  in  steel  9  and  10 

RTT  and  PTT  Curves  -  According  to  the 
influences  of  the  same  strain  rate  and  dif¬ 
ferent  deformation-temperature  on  dynamic  re¬ 
crystallization  of  steels  8,  9  and  10,  we 
obtained  the  curves  of  beginning  of  recrys- 
talllzation, temperature  and  time  (fig.  11). 

As  in  steel  10  with  small  amount  of  Ti,  the 
peak  strain  is  slightly  higher  than  that  of 
the  conventional  C-Mn  steel,  so  the  suppres¬ 
sion  effect  on  the  recrystallization  is  not 
obvious.  But  combined  addition  of  0.03/tNb 
and  0.03/^Ti  to  the  steel  exhibits  an  obvious 
retardation,  although  the  effect  on  delaying 
recrystallization  increase,  the  increasing 
degree  become  smaller  along  with  continuous¬ 
ly  increasing  Nb-content  in  steel. 

Through  calculation  from  the  deformation 
parameters  determined  in  steel  8,  9  and  10, 
the  dynamic  precipitation  curves  of  carbon- 
itrides  are  plotted  in  fig.  12.  The  fastest 
precipitation  appears  at  1090  t:  in  steel  10 
which  contains  Ti  only  and  the  temperature 
range  of  precipitatien  is  wide.  The  temperature 
of  fastest  precipitation  reduced  from  1090 *C 


to  1040 'C  when  Nb  and  Ti  were  added  into  the 
steel,  the  onset  time  of  precipitation  is  Aeit- 
er  than  the  steel  which  contains  Ti  only,  the 
temperature  range  of  precipitation  is  smaller. 
The  dynamic  precipitation  curves  are  quite  ihc 
same  for  two  kinds  of  steels  containing  Nb 
and  Ti,  when  the  amount  of  Nb  increases  from 
0.038^  to  0.094^,  the  curve  moves  towards 
the  left  direction* 
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Fig,  11  -  Affect  of  alloy  element 
on  recrystal lizat ion 
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Fig.  12  -  liynamic  precipitation  curves 


DISCUSSION 


INFLUENCE  OP  ALLOY  ELEMENTS  AND  ROLLING 
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SCHEDULES  ON  THE  MICROSTRUCTURES  AND  PROPER¬ 
TIES  OF  THE  STEELS  -  A  good  combination  of 
strength  and  toughness  has  been  obtained  for 
steels  7(  8  and  9  under  conventional  rolling 
followed  by  controlled  cooling.  The  reasons 
are  : 

1)  The  austenite  grain  growth  has  been 
effectively  controlled  by  Nb  and  Ti  in  the 
steels  during  the  heating  of  the  slabs  (fig9)- 
This  effect  results  mainly  from  the  hindrance 
to  migration  of  grain  boundaries  exerted  by 
finely  dispersed  particles  of  Nb,  Ti  car- 
bonitrides.  It  has  been  shown  by  TEM  obser¬ 
vation  that  the  amount  of  precipitated  par¬ 
ticles  is  propotional  to  the  Nb  and  Ti  con¬ 
tents  in  the  steel.  On  that  account,  the  de¬ 
gree  of  refinement  of  the  austenite  grains 
is  correlated  to  the  number,  size  and  distri¬ 
bution  of  these  particles.  The  grain  sizes 

of  steels  containing  Nb  and  Ti  remain  rather 
fine  as  they  are  heated  up  to  1100 'C.  A  con¬ 
siderable  carbonitride  particles  which  con¬ 
tain  predominately  Nb  begin  to  come  into 
solid  solution  as  the  temperature  is  above 
1100°C,  this  may  be  the  reason  why  locally 
abnormal  grain  growth  occurs  at  that  time, 
while  those  Ti  predominated  whose  solute 
temperature  are  higher  may  still  act  os  ob¬ 
stacles  to  grain  growth.  The  amount  of  pre¬ 
cipitates  in  steel  10  is  very  small  that  they 
have  minute  ability  to  hinder  the  grains  from 
coarsening.  When  the  heating  temperature  is 
raised  above  1200*C,  the  grain  sizes  of  steels 
8  and  9  with  combined  addition  of  Nb  and  Ti 
are  approximate  00  and  50 y«m  respectively, 
that  of  the  steel  with  Ti  addition  only  is 
82  /am,  while  the  grains  of  the  plain  C-Mn 
steel  grow  up  to  about  130 /am.  Consequently, 
the  steels  rolled  from  initial  finer  grains 
will  have  smaller  grain  sizes,  and  thus  have 
greater  strength. 

2)  The  microstructures  and  CCT  curves 
of  the  steels  have  been  greatly  changed,  for 
a  steel  containing  lower  C,  higher  Mn  and  a 
certain  amount  of  Nb,  in  adoption  of  control¬ 


led  cooling  soon  after  hot  rolling,  the  tran¬ 
sformation  of  austenite  to  polygonal  ferrite 
and  pearlite  is  hindered  and  the  formation  of 

an  acicnlar  ferrite  structure  may  be  promot¬ 
ed. The  latter  is  produced  by  a  com¬ 
bined  transformation  mechanism  of  shear  with 
diffusion,  and  has  better  strength  and  tough¬ 
ness  than  the  F+P  structure  on  account  of  the 
fact  that  there  are  higher  dislocation  densi¬ 
ty  and  finer  cellular  structure  in  its  sub  - 
structures.  Smith  et  al  has  discovered  that 
the  steel  has  the  best  strength  and  toughness 
when  it  has  a  structure  of  fine  acicular  fer¬ 
rite  mixed  with  a  smaller  amount  of  polygonal 
ferrite. The  microstructures  of  steels  8 
and  9  are  essentially  of  this  type.  In  view 
of  the  substructures  of  them  observed  by  me¬ 
tal  foils  under  TEM,  there  are  a  lot  of  high 
density  dislocations  and  dislocation  networks 
(fig.  4,5),  which  are  quite  different  from 
those  of  polygonal  ferrite. 

3)  When  the  steels  are  rapidly  cooled 
from  the  finishing  temperature  to  about  b50 'C , 
not  only  the  coarsening  of  grains  is  highly 
hindered,  but  also  the  precipitation  of  Nb, 

Ti  carbonitrides  is  restrained.  In  simulating 
the  coiling  of  steel  strip  after  commercial 
rolling,  the  water-cooled  steel  plates  are 
held  at  bOO  ’C  and  followed  by  furnace  cooling, 
and  the  Nb,  Ti  carbonitrides  may  precipitate 
in  this  higher  temperature  region  of  oi-phase. 
According  to  K.  Kunishige  et  al,^^^  the  fine 
particles  precipitate  in  this  temperature 
range  will  have  a  weak  strengthening  effect 
on  the  steel  and  no  influence  on  the  tough¬ 
ness.  From  the  statistics  of  the  amount,  sizes 
and  spacings  of  the  precipitates  observed  by 
replica  under  TEM,  the  quantity  of  precipita¬ 
tes  in  steel  9  is  the  largest  with  the  size 
the  finest,  so  very  good  the  strength  and 
toughness  are.  The  precipitates  in  steel  10 
are  very  few  and  disperse  sparsely,  and  hence 
the  strength  of  it  is  raciicr  low.  These  re¬ 
sults  are  in  coincidence  with  that  of  their 
investigation.  Furthermore,  the  carbon  in  the 
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ffletastable  structures  formed  in  the  steel 
during  rapid  cooling  after  hot  rolling  will 
precipitate  as  cementite  and  coalesce  to  sphe¬ 
ric  form,  which  will  be  additionally  favour¬ 
able  for  the  toughness  (table  3,fig8*6,  2  and 

3). 

There  are  some  differences  between  the 
basic  chemical  compositions  of  steels  1  to  7 
and  steels  8  to  10.  This  will  unavoidably  in¬ 
fluence  the  microstructures  and  mechanical 
properties  of  the  steels.  In  general,  Mn  low¬ 
ers  the  Ari ,  Ar3  points  and  the  decomposition 
rate  of  austenite,  and  also  has  a  promoting 
effect  on  precipitation  hardening.  The  con¬ 
tents  of  carbon  and  microalloying  elements 
must  tally  with  the  stoichiometric  ratio  of 
the  precipitate.  The  largest  number  of  par¬ 
ticles  could  be  obtained  only  when  the  heat¬ 
ing  temperature  is  well  above  the  solubility 
curve  of  these  precipitates.  Under  the  condi¬ 
tion  of  heating  to  1200  "C  in  our  experimental 
rolling,  the  Nb,  Ti  carbonitrides  in  steels  1 
to  b  which  have  higher  carbon  contents  could 
only  dissolve  partially,  thus  the  number  of 
carbonitride  particles  precipitated  under 
cooling  will  reduce  on  the  contrary,  and 
hence  the  effect  of  precipitation  hardening 
becomes  weaker. 

From  the  facts  mentioned  above  we  can 
realize  why  the  steels  7  to  9  with  much  lower 
carbon  contents  than  steels  1  to  6,  but,  have 
the  same  strength  and  better  toughness.  On 
account  of  low  C  and  excessively  high  A1  con¬ 
tent,  the  acicular  ferrite  structure  is  very 
fine  in  steel  7,  which  exhibits  an  excellent 
toughness.  As  for  steels  1  to  b,  all  of  which 
contain  very  high  A1 ,  the  common  rule  that 
the  microstructures  obtained  at  lower  finish¬ 
ing  temperatures  are  coarser  than  those  rol¬ 
led  under  higher  temperatures  may  be  attri¬ 
buted  te  the  exceptional  chemical  composi¬ 
tions.  This  needs  to  study  in  detail  further. 

INFLUKNCES  OF  COMBINDING  ADDITION  OF  Nb 
AND  Ti  INTO  STEEL  ON  THE  PRECIPITATION  KINE¬ 
TICS  AND  THE  RECRYSTALLIZATION  OF  AUSTENITE - 


The  free  energy  in  the  volume  of  a  new  phase 
is  different  from  that  in  the  matrix  as  the 
dynamic  recrystallization  occurs  in  a  steel. 
Under  a  certain  deformation  condition,  the 
amount  of  deformation  energy  in  the  micro¬ 
structure  is  proportional  to  the  area  under 
the  stress-strain  curve.  As  can  be  seen  from 
fig.  9a,  that  under  the  same  £  ,  T  and  g,  the 
areas  beneath  the  curves  are  different  depen¬ 
ding  on  the  variant  alloying  elements  and  the 
contents,  i.e.  much  higher  deformation  energy 
is  required  for  the  occurrence  of  recrystal¬ 
lization  in  a  steel  containing  more  microal¬ 
loying  elements. 

As  Nb  and  Ti  are  added  simultaneously 
into  the  steel,  carbonitrides  of  nonstoichio- 
metrical  ratio  are  easily  formed  owing  to  the 
fact  that  Nb  and  Ti  carbonitrides  have  the 
same  crystalline  lattice  and  can  dissolve  in 
each  other.  It  can  be  seen  from  the  dynamic 
precipitation  curves  that  the  precipitating 
temperature  of  carbonitrides  in  the  steel  on¬ 
ly  containing  minute  Ti  is  higher,  and  the 
curves  for  steels  8  and  9  have  only  one  nose 
both,  this  means  that  the  precipitation  of  Nb 
and  Ti  carbonitrides  may  all  occur  in  this 
temperature  range.  It  has  been  reportea  that 
the  activity  of  the  carbonitrides  in  the  steel 
will  be  lowered  due  to  the  interaction  of  Nb 
and  Ti,  and  this  causes  their  solubility  to 
be  increased,  i.e.  their  stability  in  auste¬ 
nite  may  be  relatively  enhanced  and  the  ten¬ 
dency  of  precipitation  will  be  reduced,  and 
the  precipitation  temperature  is  thus  lower¬ 
ed.  From  our  experimental  result  (fig.  13), 
we  can  see  that  the  temperatures  for  fastest 
precipitation  in  steel  with  Nb  and  Ti  are 
about  50  *C  1  'wer  than  that  of  the  steel  con¬ 
taining  Ti  only.  This  is  in  coincidence  with 
these  rules  predicated  by  them. 

On  account  of  the  higher  precipitation 
temperature  of  Ti  carbonitrides,  it  might  be 
infered  that  the  carbonitrides  in  which  Ti 
predominates  will  precipitate  firstly  at  high¬ 
er  temperature  in  the  dynamic  precipitation 
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Fig,  13  -  PTT  and  RTT  curves  in  steel  9 

curve  daring  deformation,  the  sizes  of  them 
must  be  larger,  while  the  carbonitr ides  con¬ 
taining  Nb  and  Ti  simultaneously  as  well  as 
those  in  which  Nb  predominates  will  precipi¬ 
tate-  in  order  as  the  temperature  decreases. 

The  lower  the  precipitating  temperature,  the 
smaller  the  sizes  of  the  particles  willbe.  This 
deduction  is  semiquantitatively  confirmed  by 
analyzing  Nb  and  Ti  contents  in  the  particles 
of  different  sizes  ranging  from  50  to  150  nm 
by  EDAX  accessory  attached  to  TEM  n-700H, 

It  is  found  from  fig,  9,  in  which  the 
PTT  and  RTT  curves  of  steel  9  are  superposed- 
ly  plotted  on  the  same  graph,  and  as  the  in¬ 
itial  dynamic  recrystallization  curve  inte¬ 
rsect  with  the  initial  PTT  curve,  the  slepe 
of  the  former  varies  greatly.  This  means  that 
the  delaying  effect  on  the  dynamic  recrystal¬ 
lization  is  rather  obvious  owing  to  the  oc¬ 
curence  of  dynamic  precipitation  of  carbon- 
itrides. 

From  observation  under  TEM  of  carbon 
extracted  replica  of  the  hot  compression  sam¬ 
ples,  which  has  been  heated  to  1220 *C  and 
quenched  after  deformation  with  greater  strain 
rate,  no  precipitated  particles  are  disco¬ 
vered,  It  may  be  recognized  that  the  carbon- 
itrides  are  essentially  dissolved  at  this 
temperature,  and  have  not  enough  time  to  pre¬ 
cipitate  from  the  austenite  under  the  high 
strain  rate.  In  this  case,  the  delaying  ef¬ 
fect  on  recrystallization  dominantly  results 
from  solute  hindrance  of  Nb  and  Ti  elements 
owing  to  their  greater  size  effects  on  the 


lattice  deformation  (right  side  of  fig. 10). 

For  a  certain  range  of  strain  rates,  a  peak 
appears  on  the  curve,  this  may  be  at¬ 

tributed  to  considerable  precipitation  of  Nb, 
Ti  carbonitr ides ,  and  results  in  intensifi¬ 
cation  of  delaying  effect  on  recrystalliza¬ 
tion.  On  the  left  side  of  the  ip-^  curve, 
deformation  time  is  longer  because  the  strain 
rate  is  small,  so  the  firstly  precipitated 
particles  begin  to  coarsen,  bot  they  still 
have  some  effect  on  pinning  the  grain  boun¬ 
dary  and  thus  on  delaying  recrystallization. 
There  are  about  half  an  amount  of  microallo¬ 
ying  element  remaining  in  the  solid  solution, 
it  also  contribute  to  the  delaying  of  recrys- 

( 7  ) 

tallization.  Consequently,  the  retarding 

effect  on  dynamic  recrystallization  must  be 
resulted  from  the  combined  contribution  of 
solute  hindrance  and  precipitated  particles. 
At  that  time,  both  the  larger  sizes  of  par¬ 
ticles  and  the  diminution  in  solute  atoms 
may  combinedly  weaken  their  impression  on 
constraining  recrystallization,  hence  the 
suppress  effect  exerted  by  microalloying 
elements  on  recrystallization  at  slower  straii 
rate  is  smaller  compared  with  that  in  other 
regions  on  the  Cp-fi  curve. 

CONCLUSIONS 

1.  Addition  of  a  minute  amount  of  Nb  or 
Ti  to  the  low  C-Mn  steel  will  effectively 
suppress  austenite  grain  growth  during  heat¬ 
ing.  This  effect  is  more  evident  as  they  are 
added  simultaneously. 

2.  The  precipitation  kinetics  of  Ti  car- 
bonitride  changes  and  the  temperature  for 
dynamic  precipitation  decreases  when  Nb  is 
added  simultaneously.  As  the  amount  of  Nb  in 
steel  increases,  the  time  for  the  onset  of 
carbonitride  to  precipitate  is  retarded.  This 
is  benificial  for  refining  the  precipitates 
and  increaaing  precipitation  in  lower  temper¬ 
ature  region  of  austenite  anrf  also  in  higher 
temperature  region  ofo^-phase. 
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3.  The  deformation  energy  required  for 
recrystallization  increases  with  increasing 
amount  of  Nb  and  Ti  in  steel,  therefore  the 
temperature  for  occurence  of  recrystalliza¬ 
tion  is  raised.  The  postponing  effect  on  re¬ 
crystallization  before  dynamic  precipitation 
may  be  caused  by  solute  hindrance  of  Nb  and 
Ti  atoms,  while  that  after  may  result  from 
combined  effect  of  Ni,  Ti  carbonitrides  and 
the  elements  remained  in  solid  solution. 

4.  In  this  experiment,  Nb,  Ti  carboni¬ 
trides  may  present  as  (Nbj,  Tiy)(Cn,Nn)  in 
the  form  of  continuous  solid  solution,  in 
which  the  relative  amount  of  each  element  at 
different  temperature  varies.  The  sizes  of 
precipitating  particles  become  larger  and  the 
contents  of  Ti  increase  also. 

3.  The  preliminary  result  attained  in 
our  experiment  is,  a  steel  with  compositions 

of  C  0.05/0.09,  Mn  1.0/1. 3,  Nb  O.O3/O.O5, 

Ti  0.01/0.03,  Algoj^  0.02/0.3  may  achieve  a 

good  combination  of  strength  and  toughness 
by  conventional  rolling  followed  by  control¬ 
led  cooling. 
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ABSTRACT 

A  study  has  been  made  of  the  influence  of  dif¬ 
ferent  compositions,  hot-rolling  and  heat- 
treatment  processes  on  the  micro-structures, 
mechanical  properties  and  cold  drawing  pro¬ 
perties  of  low  carbon  Si-Vb  dual-phase  steels 
containing  0.06-0.09^0,  1.5-1.9^Si  and  0.03- 
0,05'^Nb.  The  steel  treated  by  firstly  quen¬ 
ching  from  J'phase  region  and  then  heating  to 
iT+fX  two-phase  regin-i  and  quenching  again 
(hereinafter  referred  to  as  intermediate 
quenching)  had  better  cold  drawing  abili¬ 
ty  than  that  treated  by  direct  quenching  from 
two  phase  region  after  hot  rolling  (hereinaf¬ 
ter  referred  to  as  direct  quenching),  and  no 
further  heat  treatment  was  needed  when  these 
steels  were  cold  drawn  into  wires.  A  complete 
process  of  deformation  and  cracking  to  frac¬ 
ture  was  observed  by  in  situ  techniques  under  a 
HITACHI  S-370  scanning  electron  microscope 
equipped  with  tensile  accessories.  It  was 
found  that  dislocations  piled  up  on  the  fer¬ 
rite-martensite  interfaces  and  ferrite  grain 
boundaries,  that  led  to  the  nucleation  of 
cracks  and  finally  to  fracture. 

»  This  paper  is  the  master  dissertation 


Wang  Quanshan,  Sun  Jianlun* 
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Shenyang,  Liaoning,  PR. China 

DUAL  PHASE  STEELS  have  low  yield  strength, 
good  ductility  and  high  work  hardening  abi¬ 
lity.^*  They  can  be  easily  formed  and 
strenghtened  in  the  meantime.  The  dual¬ 
phase  steels  extensively  used  in  industry 
at  present  are  those  for  stamping,  while  the 
studies  on  non-stamping  ones  are  few.  Profes¬ 
sor  G.  Thomas  has  undergone  many  works  in 
this  respect.  A  "FERMAH"  dual-phase  steel 
has  been  developed  for  wires,  chains,  rein¬ 
forced  bars,  etc.,  and  a  patent  has  been 
(4  ) 

pub  1 i shed .  '  ^ 

Since  1986  we  have  investigated  into  a 
low  carbon  Si-Nb  steel.  The  objective  of  the 
present  study  is  to  investigate  the  struc¬ 
ture-property  relationships  in  the  dual-phase 
steels  produced  by  direct  quenching  and  in¬ 
termediate  quenching,  and  discuss  the  feas¬ 
ibility  of  producing  cold-drawing  wires  with 
these  dual-phase  steels. 

EXPEUIIIENTAL  MATERIALS  AN’D  PROCEDURES 

Chemical  analysis  of  steels  studied  are 
listed  in  Table  1.  Steel  22  was  hot  rolled 
to  90  mm  square  firstly,  then  liomogenized  at 
1220*C  and  rolled  to  a  wire-rod  coil  of  0  mm 
diameter  by  7  passes  on  a  commercial  mill 
with  finishing  temperature  about  1040*C.  Ihe 
whole  coil  was  then  transported  to  a  water 


written  "by  Siin  Tianlun. 


533 


RESULTS  AND  DISCUSSIONS 


7-^ - -(T  W 


tank  and  quenched.  The  quenching  temperatures 
of  its  outer  and  inner  layers  were  not  uni¬ 
form  and  varied  from  750  to  9C0 ’C,  The  steels 
4,  8  and  10  were  hot  rolled  to  60  mm  squares, 
and  then  forged  to  40  mm  squares.  Forging 
cracks  were  found  in  the  center  portion  of 
them  because  the  deformation  temperatures 
were  too  low.  They  were  then  reheated  to 
1 220  'C  and  rolled  to  bars  of  12  mm  in  dia¬ 
meter  by  9  passes  on  a  trial  mill  with  fin¬ 
ishing  temperatures  of  850  to  950  'C,  and 
quenched  immediately  in  water. 

In  the  meanwhile,  specimens  were  taken 
from  each  steel  and  heat  treated  in  a  labo¬ 
ratory  furnace  according  to  two  systems 
(Fig.  1),  namely,  intermediate  quenching  and 
simulating  direct  quenching,  so  as  to  decide 
the  appropriate  quenching  temperature  that 
will  be  adopted  in  thel'+x  region  according 
to  their  mechanical  properties  obtained.  Dy¬ 
namic  tensile  specimens  after  heat  treatment 
mentioned  above  were  electrically  polishe<l 
and  deep  etched  to  reveal  the  mi crostructures 
and  then  stretched  in  a  HITACHI  S-570  scan¬ 
ning  e 1 ect rom. cros cope  to  observe  the  comp- 
plete  process  of  crack  initiation  and  propa¬ 
gation  to  fracture  in  relation  to  the  morpho¬ 
logies  of  microstructures. 

The  wire  rods  and  bars  treated  by  direct 
quenching  and  intermediate  quenching  were 
then  cold  drawn  out  into  wires. 

Mechanical  properties  and  stress-strain 
curves  were  determined  for  all  bars  and  wire 
rods  thus  prepared.  For  a  part  of  them,  the 
uniform  elongation  and  work  hardening  index 
n  was  measured  also. 

The  mi crostructures  of  specimens  etched 
with  2"^  Nital  or  Lepera  etchant'  'were  obser¬ 
ved  with  a  Neophot- n  optical  microscope  and 
a  HITACHI-700H  TEM.  With  the  latter  precipi¬ 
tates  in  steels  extracted  by  carbon  replica 
together  with  SPEED  method  were  also  exarain- 
e  d . 


MICROSTRUCTURE  -  The  microstructures  of  steels 
heat  treated  by  direct  quenching  and  inter¬ 
mediate  quenching  are  shown  in  Fig.  2.  The 
microstructurea  of  the  former  are  consisted 
of  fine  equiaxed  ferrite  whose  grain  size 
number  is  about  ASTM  No.  10  to  11  and  marten¬ 
site  islands  which  distribute  along  ferrite 
grain  boundaries,  and  that  of  the<  latter  are 
narrow  fine  lamellar  martensite  characterized 
by  oriental  distribution  interspacing  with 
ferrite.  The  formation  of  the  lamellar  marten¬ 
site  is  related  to  the  lamellar  austenite 
which  forms  during  heating  a  non-equilibrium 
structure  in  the  two  phase  region,  and  is  the 
result  of  heredity  of  mi cros tructur  ' . 


Table  1  -  Chemical  Analysis  Of 
Tested  Steels  .  (wt  fi) 


No 

C 

Si 

Mn 

P 

S 

Nb 

22 

0.12 

0.99 

0.53 

0.016 

0.02 

0.041 

4 

0.08 

1.35 

0.34 

0.009 

0.014 

0.033 

8 

0.06 

2.0 

0.42 

0.01 

0.01 

0.045 

10* 

0.05 

2.08 

0.23 

0.006 

0.016 

- 

•Refference  steel 


Fig.  1  -  Schematic  representation  of  dual¬ 


phase  heat  treatments 
a.  Intermediate  quenching  b.  Simulating 
direct  quenching 

The  details  of  island  and  lamellar  mar- 
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tensile  were  observed  under  TEM.  It  is  found 
that  all  the  sub-structures  of  them  have  both 
twin  and  dislocation  types,  which  are  related 
to  temperatures  of  quenching.  It  is  composed 
mainly  of  dislocations  when  the  quenching 
temperature  is  high.  Along  with  the  decrease 
of  temperature,  the  carbon  content  of  marten¬ 
site  increases,  and  so  the  substructure  be¬ 
comes  predominately  twins-dislocations  as 
shown  in  Figs.  3  and  4. 


Fig,  2  -  Optical  micrographs  of  dual-phase 
steels 

a.  direct  quenching,  2^  Nital  etch. 

b.  intermediate  quenching,  Lepera  etch. 


In  the  ferrite  obtained  by  these  two 
'  schemes  of  heat  treatment,  there  are  a  lot  of 
dislocations,  cell  substructures  which  are 
consisted  of  dislocation  tangles,  and  some 
dispersed  precipitates  as  shown  in  Fig.  5. 
These  dislocations  are  essentially  produced 
during  the  austenite/martena its  deformation. 


The  exsistence  of  dislocations  and  substruc¬ 
tures  enhances  the  strength  of  steels. 
PROPERTIES  -  The  stress-strain  curves  of  all 
the  tesile  specimens  heat  treated  by  direct 
quenching  and  intermediate  quenching  are  cha¬ 
racterized  by  continuously  yielding  which 
is  typical  of  dual-phase  steel. 

The  relations  between  quenching  tempe¬ 
ratures  and  mechanical  properties  of  niobium 
containing  and  reference  steels  heat  treated 
by  intermediate  quenching  are  shown  in  Figure 
6a.  Generally,  the  strength  increases  and  the 
ductility  decreases  as  the  quenching  tempera¬ 
ture  is  raised,  but  a  good  ductility  still 
holds.  The  elongation  is  about  27/v  and  the 
work  hardening  index  is  in  the  range  of  0,18 
to  0,20.  In  spite  of  the  lower  carbon  content 
of  steel  8  as  compared  with  steel  k,  its  ten¬ 
sile  strength  is  higher  than  that  of  the 
steel  4  and  the  yield  strength  and  elongation 
of  these  two  steels  are  approximately  the 
same  because  of  the  higher  silicon  content  of 
steel  8.  Silicon  is  a  strong  solution  harden¬ 
ing  element  and  the  presence  of  silicon  in 
ferrite  matrix  can  improve  the  ductility  of 
steels.  It  has  been  reported  that  for  a  given 
strength  level  of  dual-phase  steels,  a  larger 
ductility  may  be  attained  in  the  steel  with 

f  8 ) 

higher  strength  of  ferrite. '  ' 

The  contents  of  carbon  and  silicon  in 
steel  8  and  the  reference  steel  are  approxi¬ 
mately  the  same,  but  the  tensile  strength  and 


Fig.  3  -  The  martensite  substructures  of  steels,  intermediate  quenching,  TEM. 

a.  twin,  quenched  at  840  *C,  b.  twin-t-dislocation,  quenched  at 

950 *C,  c.  dislocation,  quenched  at  950  ‘C, 
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Fig.  4  -  The  martanaite  substructures  of  steels,  direct  quenching,  TEM 

a.  twin,  quenched  at  850  t,  b.  twin-fdislocation,  quenched  at 


950  ‘C, 


c.  dislocation,  quenched  at  950*C, 


elongation  of  niobium  containg  steel  is  ob¬ 
viously  higher.  This  makes  the  ratio  of  yield 
strength  to  tensile  strength  decrease  greatly 
and  is  beneficial  for  work  hardening  in  cold 
drawing.  In  order  to  attain  a  better  combi¬ 
nation  of  strength  and  toughness,  the  quen¬ 
ching  temperatures  should  be  about  at  900  to 
950  t,  as  shown  in  Fig.  6a.  A  similar  rela¬ 
tionship  also  exists  between  the  mechanical 
properties  and  quenching  temperatures  of 
steels  treated  by  direct  quenching  as  can  be 
seen  in  Fig.  6b. 


The  influence  of  quenching  temperature 
on  the  properties  of  dual-phase  steels  is 
achieved  by  virtue  of  the  following  aspects: 
the  carbon  content  and  the  volume  fraction 
of  martensite  thus  obtained,  the  sub-struc¬ 
ture  of  it,  and  the  hardenabil ity  of  austen¬ 
ite  under  this  temperature.  Evidently,  it  is 
an  important  factor  which  affects  the 
strengthening  of  dual-phase  steels. 

DYNAMIC  STRETCHING  -  Fig.  7a  shows  the  micro- 
structure  of  steels  treated  by  simulating  di¬ 
rect  quenching  before  stretching  (F+U  island) 
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Fig,  6  -  The  relation  between  mechanical  properties  and 
quenching  temperatures  of  dual-phase  steels, 
a.  intermediate  quenching  b.  direct  quenching 


There  is  a  crack  initiated  on  the  ferrite 
side  of  a  f/M  interface  and  on  the  other  side 
a  crack  is  along  the  P-F  boundary,  as  shown 
in  Fig.  7b.  These  two  cracks  emerge  Just  be¬ 
fore  necking  of  the  specimen  under  stretching 
and  the  propagation  of  them  under  continuous¬ 
ly  increasing  loading  are  shown  in  Fig.  7e. 

The  F/M  interface  crack  propagates  by  going 
round  the  M-island  and  entering  the  ferrite 
beside  it.  It  seems  that  the  martensite  has 
an  effect  on  hindering  the  crack  propaga¬ 
tion.  However,  the  f/F  boundary  crack  can 
not  propagate  further  because  the  direction 
of  propagation  is  almost  parallel  to  the  ho¬ 
rizontal  tensile  axis  and  the  M-island  lo¬ 
cated  in  front  of  crack  tip  plays  an  important 
role  in  hindering  the  crack  propagation. 

It  shows  that  only  the  crack  vertical  to  the 
tensile  axis  can  propagate  continuously. 


Mo  conspicuous  deformation  of  U-islands 
could  be  discerned  before  necking,  while  the 
ferrite  grains  already  deform  greatly  and 
the  deformation  is  not  uniform  among  various 
ferrite  grains  due  to  their  different  orien¬ 
tation.  When  the  slip  lines  roughly  parallel 
to  the  M-islands,  the  nearer  to  the  M-island, 
the  denser  the  distributions  of  slip  lines 
are,  and  then  they  propagate  by  going  round 
them.  When  slip  lines  intersect  with  the  in¬ 
terfaces  or  ferrite  grain  boundaries,  they 
pile  up  and  converge  to  deformation  bands  as 
the  deformation  is  increasing  and  microcracks 
initiate  due  to  the  intensiricationof  strain  ooicentiation. 

Araki  et  al^ cons idered  that  the  cracks 
had  formed  under  a  lower  stress  as  the  dual¬ 
phase  steels  were  stretched,  but  the  view  of 
Shen  Xianpu  et  al^^^^was  that  all  the  cracks 
capable  of  propagating  emerged  only  after 


Fig.  7  —  The  initiation  and  propagation  of  cracks  in  dual-phase  microstructures  under  SEM 

a.  direct  quenching,  microstructures  before  stretching  b.  direct  quenching,  F/M 
interface  crack  c.  direct  quenching , crack  propagation  d.  direct  quenching,  the 
main  crack  before  fracture  e.  intermediate  quenching,  microstructures  before 
stretching  f,  intermediate  quenching,  mlcrovoids. 
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necking.  This  work  shows  that  cracks  form 
essentially  after  necking,  but  also  may  emer¬ 
ge  just  before  the  necking  will  appear. 

It  is  found  that  when  the  steel  with 
F+M-island  microstructures  are  stretched,  the 
cracks  will  emerge  mainly  on  the  interfaces 
or  boundaries,  and  also  may  be  in  ferrite 
grains  and  on  the  inclusions  and  so  on.  The 
microcracks  originate  just  in  the  places 
where  the  slip  lines  are  obstructed  serious¬ 
ly.  It  shows  that  they  form  by  the  disloca¬ 
tion  pile-up  model.  During  the  whole  stret¬ 
ching  process,  the  M-islands  deform  slightly 
and  rotate  as  a  whole  under  the  shear  stress 
towards  the  tensile  axis.  Generally,  the  main 
crack  propagates  on  the  ferrite  side  of  the 
M-island  hy  going  round  it,  as  shown  in  Fig. 
7d.  This  may  be  the  reason  why  dual-phase 
microstructures  have  good  combination  of 
strength  and  toughness. 

Fig.  7e  shows  the  microstructures  after 
intermediate  (luenching  before  being  stretched 
(F+lamellar-M).  The  microcracks  do  not  appear 
until  the  later  period  after  necking  during 
stretcliing  of  this  dual-phase  steel.  They 
form  mainly  at  the  f/M  interfaces  or  on  the 
inclusions  and  propagate  in  a  manner  of  mi¬ 
crovoid  coalescing  as  shown  in  Fig.  7f.  The 
amount  of  microcracks  in  this  dual-phase 
steel  is  far  less  than  that  in  the  directly 
quenched  steel,  and  the  uniform  and  total 
elongation! as  well  as  necking  of  the  latter 
are  more  greater  than  the  former. 

In  the  microstructures  of  steels  by  in¬ 
termediate  quenching,  the  interface  between 
the  two  phases  is  coherent  or  a  low  angle 
boundary  and  crystallographic  continuity  of 
slip  planes  and  directions  may  be  maintained 
across  the  interfaces.  But  in  the  mieroatruc— 
turee  of  steels  treated  by  direct  quenching, 
most  of  the  f/M  interfaces  are  high  angle 
boundaries  where  voids  are  easily  formed  than 
in  the  former  steels. On  the  other  hand, 
the  lamellar  martensite  obtained  by  this  way 


is  finely  dispersed  and  can  be  well  deformed 
cooperately  with  the  ferrite  matrix. 

PROPERTIES  OF  COLD  DRAWING  -  Table  2 
shows  the  final  diameter,  the  total  reduction 
of  area  and  the  ultimate  strength  of  cold 
drawn  wires.  It  can  be  seen  that  for  a  selec¬ 
ted  regime  of  heat  treatment,  steels  of  the 
same  chemical  analysis  (8-1  and  8-2)  quenched 
at  higher  temperatures  have  more  better  cold 
drawing  capability  than  those  quenched  at 
lower  temperatures,  which  is  accordant  with 
the  result  shown  in  Fig.  bb.  When  the  quen¬ 
ching  temperature  is  lower,  the  volume  frac¬ 
tion  of  martensite  is  fewer  and  the  carbon 

(l2) 

content  in  it  is  higher,  Speich  had  deri¬ 

ved  an  empirical  relation  showing  that  the 
reduction  of  area  is  inversely  propotional 
to  the  product  of  carbon  content  of  the  mar¬ 
tensite  and  the  square  root  of  the  volume 
fraction  of  it.  The  inferior  cold  drawing  pro¬ 
perties  at  lower  quenching  temperatures  may 
be  related  to  the  transformation  of  marten¬ 
site  substructures  from  dislocation  type  to 
twin  ones  with  increasing  carbon  content  in 
them. 

It  can  also  be  seen  from  Table  2  that 
steels  treated  by  intermediate  quenching  have 
more  better  cold  drawing  properties  and  ulti¬ 
mate  strengths  than  that  by  direct  quenching. 
This  verifies  again  that  the  microstructures 
of  the  former  have  better  deformation  ability 
as  mentioned  above. 

The  steel  10  treated  by  direct  quenching 
or  intermediate  quenching  fractured  brittlely 
at  10,50  mm  diameter  just  after  they  had  been 
drawn  two  passes  and  exhibited  crystalline 
fractures.  The  reason  is  that  when  this  steel 
is  heated  and  rolled  at  higher  temperatures, 
the  microstructures  are  very  coarse  due  to 
the  absence  of  niobium  which  can  effectively 
prevent  the  deformed  austenite  grains  from 
recrystallization  and  coarsening.  The  grain- 
size  number  of  steel  10  treated  in  this  way 
is  about  ASTM  Mo.  5  to  6,  but  that  of  niobium 
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Table  2  -  Cold  Drawing  Properties  of  Dual-Phase  Steels 


No. 

Heat  Quenching 

Treatment  Temperature 
CC) 

Initial 

Diameter 

(mm) 

Final 
Diameter 
(mm ) 

Total  Reduction 
of  Area  {%) 

Ultimate 

Strength 

(MPa) 

22 

D.Q. 

800 

9.0 

1 .00 

98.8 

1669 

8-1 

D.Q. 

840 

12.0 

3.00 

93.8 

— 

8-2 

D.Q. 

930 

12.0 

1  .72 

97.9 

1688  (#2) 

4-1 

D.Q. 

920 

12.0 

2.20 

96.6 

— 

4-2 

I.Q. 

950 

12.0 

1  .10 

99.2 

1790 

1  0-1 

D.Q. 

860 

12.0 

10.50 

12.5 

— 

10-2 

I.Q. 

950 

12.0 

10.50 

12.5 

— 

D.' 

'i.  -  Direct 

Quenching 

I.Q.  - 

Intermediate 

Quenching 

bearing  steels  is  about  ASTM  No.  10  to  11. 

It  is  found  that  there  are  some  fine  NbC 
or  Nb(CN)  particles  whose  sizes  are  about  10 
to  50  nffl,  distribited  mainly  within  the  fer¬ 
rite  matrix  and  a  minor  of  them  scattered  a- 
long  the  grain  boundaries  (Fig. 8).  The  exis¬ 
tence  of  precipitates  enhances  the  strength 
of  steels  and  make  a  good  combination  of 
strength  and  toughness  because  the  amount  of 
toughness  decreased  by  precipitation  har¬ 
dening  can  be  compensated  by  that  increased 
in  grain  refinement.  Therefore,  it  is  bene¬ 
ficial  to  add  some  grain  refinement  elements 
in  dual-phase  steels. 

•• 

*  •  % 


•  . 


Fig.  8  -  Distribution  of  precipitates  in 

Nb-bearing  dual-phase  steels 

a.  at  ferrite  grain  boundary, 

b.  within  ferrite  grains. 

It  can  be  seen  from  the  changes  of  mi¬ 
crostructures  during  cold  drawing  that  with 
the  increasing  of  the  reduction  of  area  the 


tjr.  .25  Aim. 


Fig.  9  -  Deformation  in  steel  8-2  during 
cold  drawing 

b.^2, 

deformation  of  ferrite  increases  gradually  and 
the  larger  martensite  islands  also  deform  and 
elongate  along  the  drawing  direction,  but 
the  smaller  martensite  islands  deform  only 
slightly  and  rotated  towards  the  tensile  axis. 
(f'g.9). 

CONCLUSIONS 

An  investigation  has  been  made  into  the 
structure-property  relations  of  dual-phase 
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steela  containing  0,06-0.09^C,  1.5-l«9/iSi  and 
0.03-0,05^NT)  and  wires  drawn  froa  then,  the 
following  conclusions  may  be  drawn: 

1.  The  direct  quenching  or  intermediate 
quenching  coulu  be  used  +o  obtain  ideal  d’al- 
phase  structures  in  a  wider  range  of  quen¬ 
ching  temperatures  from  830  to  930  *C. 

2.  When  these  dual-phase  steels  are  cold 
drawn  into  wires,  no  furthur  heat  treatment 
is  needed.  The  steels  treated  by  intermediate 
quenching  have  better  col  drawing  capability 
than  that  produced  by  direct  quenching. 

3.  When  these  dual-phase  steels  are 
stretched,  the  deformation  undergoes  mainly 
in  the  ferrite  matrix,  while  the  martensite 
rotates  as  a  whole  towards  the  tensile  axis 
as  the  stress  increases,  but  the  deforma¬ 
tion  is  leas  than  that  of  ferrite.  The  pile- 
up  of  dislocations  tends  to  fracture  finally. 

4.  The  cracks  in  steel  by  direct  quen¬ 
ching  initiate  mainly  at  the  F/M  interfaces 
and  propagate  by  going  round  the  martensite 
islands,  while  in  the  steels  of  intermediate 
quenching  the  amount  of  cracks  is  less,  and 
the  fracture  of  them  occurs  only  at  the  in¬ 
terfaces  due  to  emerging  and  coalescing  of 

m icrovoids. 

5.  The  addition  of  niobium  effectively 
refines  the  ferrite  grains  and  is  beneficial 
to  cold  drawing. 
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ABSTRACT 

A  100  kgl  mm'  grade  high  strength  sheet  steel  with  a  notably 
high  product  of  tensile  strength  and  elongation  (TS  x 
El  =  2800)  has  been  developed  by  introducing  a  large  amount 
of  retained  austenite  in  0.2%C  -2.5%Si  -1.5%Mn  steel 
sheet  by  utilizing  the  heat  cycle  in  a  roll-quenching  type  con¬ 
tinuous  annealing  line.  This  sheet  steel  shows  not  only  good 
bendability  and  hole  flangeability,  but  also  excellent  stretch 
formability  when  compared  with  conventional  dual-phase 
sheet  steels. 

INTRODUCTION 

Various  types  of  high  strength  sheet  steels  have  been  us¬ 
ed  as  automotive  materials  for  improving  safety  and  for 
lowering  fuel  consumption  by  reducing  vehicle  weight.  For 
example,  lOOkgf/mm-  grade  cold-rolled  dual-phase  steels 
have  been  applied  to  cloor-guard-bars  and  bumpers."  Dual¬ 
phase  steels  have  a  number  of  unique  properties,  including 
the  combination  of  high  strength  and  easy  formability. 

Recently,  automobile  industries  have  been  trying  to 
shorten  the  manufacturing  process  of  those  parts,  which  re¬ 
quire  steels  with  higher  formability.  In  order  to  meet  this  re¬ 
quirement,  multi-phase  steels  containing  retained  austenite 
arc  now  being  considered.'' 

The  transformation  of  retained  austenite  during  pla.stic 
straining  and  the  resultant  increase  in  work-hardening  rate 
has  been  used  to  explain  the  higher  ductility  of  melaslable 
austenite  stainless  steels.  Steels  having  transformation-induc¬ 
ed  plasticity  (TRIP)  due  to  retained  austenite  were  found  by 
Zackay.*'  Retained  austenite  was  also  found  in  dual-phase 
steels,"  as  first  reported  by  Hayami  et  al.^'  It  is  well  known 
that  a  significant  amount  of  austenite  is  retained  in  steels  con¬ 
taining  about  2%Si  when  cooled  to  room  temperature 
through  the  two-stage  bainite  transformation  regime.'’’ 

This  cooling  pattern  is  similar  to  the  roll-quenching 
type  continuous  annealing  process,  which  has  become  widely 
used  in  the  production  of  sheet  steels  and  includes  two  heat 


treatment  stages:  recrystallization  annealing  and  overaging. 
Therefore,  the  process  can  be  applied  elTectively  to  retain 
austenite. 

It  has  been  established  that  carbon  is  one  of  the  most 
beneficial  elements  for  retaining  austenite.  However,  sheet 
steels  with  a  high  carbon  content  (over  0.2%)  are  disadvan¬ 
tageous  in  applications  which  require  spot-welding. 
Therefore,  it  is  necessary  to  establish  an  appropriate  composi¬ 
tion  of  sheet  steel  containing  less  than  0.2%  carbon. 

The  present  study  has  been  undertaken  to  examine  the 
mechanical  properties  of  multi-phase  sheets  containing 
retained  austenite  produced  on  a  roll-quenching  type  con¬ 
tinuous  annealing  line  (RQ-CAE).  for  the  purpose  of 
developing  100  kgf  min'  grade  cold-rolled  sheet  steels  with 
extra-high  ductility. 

EXPERIMENTAL  PROCEDURE 

The  chemic  al  compositions  of  steels  used  in  this  experi¬ 
ment  are  shown  in  Table  1.  A  series  of  0.2%  carbon  steels 
with  silicon  content  of  1 .3  ^  J.-T/c  and  manganese  content  of 
1 .0  2.')%  were  hot-rolled  to  a  thickness  of  3.2  mm  after  be¬ 

ing  held  at  1200  t  for  1  hour.  The  hot-rolled  sheets  were 


Table  1  Chemical  compositions  of  steels  used  (wt%l 
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reheated  at  400,  440,  520,  600  and  680  C  for  1  hour.  After 
pickling,  the  hot-rolled  sheets  were  cold-rolled  to  0.85  mm 
thickness.  The  cold-rolled  sheets  were  intercritically  anneal¬ 
ed  at  770  860  C  for  2  minutes,  followed  by  cooling  to 

6C0  7''0  C  rale  of  6  to  12l,„  (C|),  quenched  m 

340  ^  460  C ,  mainly  400  C  (Ti)  with  a  cooling  rate  of 
100  C  s,  and  held  at  these  temperatures  for  3  minutes.  This 
process  simulates  the  thermal  history  of  RQ-CAL. 

The  continuously  annealed  samples  were  tensile-tc.sted 
without  skin-pass  rolling.  Tensile  specimens,  12.5  mm  in 
width  and  50  mm  in  gauge  length  (JIS  No.  13B  type)  or  25 
mm  in  width  and  50  mm  in  gauge  length  (JIS  No.  5  type), 
were  prepared. 

Microstructural  examinations  were  made  on  a  cross-sec¬ 
tion  perpendicular  to  the  rolling  direction.  The  microstruc¬ 
ture  of  each  sample  was  examined  by  transmission  and  scann¬ 
ing  electron  microscopy.  The  volume  fraction  of  martensite 
and  bainite  was  determined  by  Quantimet  image  analysis. 

Retained  austenite  measurements  were  made  using  an 
X-ray  technique  in  the  rolling  plane  of  samples  ground  to 
half  thickness,  and  were  based  on  the  integrated  intensities  of 
austenite  200  and  220  diffractions  compared  with  that  of  fer¬ 
rite  200  diffraction  of  Mo-Ko  radiation. 


Tj  ("Cx  3min) 


Fig.  1  Effect  of  cooling  pattern  of  continuous  annealing 
on  mechanical  properties  of  steel  X5  (Simulated 
coiling  temp.;  680  C) 

Solid  marks:  Roll-quenching  type 
Open  marks:  Water-quenching  type 


RESULTS 

EFFECT  OF  COOLING  PATTERN  For  the  purpose 
of  clarifying  the  effect  of  cooling  pattern  after  annealing,  the 
inechaiiic<il  properties  ol  0.2‘ycC  -2.5yoSi  -1.5/oMn  steei 
sheets  annealed  with  water-quenching  to  room  temperature 
and  then  tempered  at  350^  450  C  ,  and  annealed  with  quen¬ 
ching  interrupted  at  340^460  C  for  3  minutes  were  examin¬ 
ed  as  shown  in  Fig.  1.  An  elevation  in  the  tempering 
temperature  decreases  tensile  strength  in  water-quenching 
type  continuously  annealed  sheet.  Total  elongation  remains 
a  constant  of  about  15%.  Consequently,  a  product  of  tensil- 
strength  and  total  elongation  (TS  x  El)  is  about  1700.  This 
may  be  due  to  the  negligible  amount  of  retained  austenite  in 
the  water-quenching  type  continuonsly  annealed  sheet. 

On  the  other  hand,  roll-quenching  type  continuously  an¬ 
nealed  sheet  shows  about  16%  retained  austenite  and  ex¬ 
cellent  tensile  properties,  i.e.,  tensile  strength  is  about  94 
kgf/mm-,  total  elongation  is  25%  and  the  resultant  TS  x  El 
is  2300  at  an  isothermal  holding  temperature  of  400  C  .  The 
minimum  tensile  strength  of  the  sheet  is  observed  at  an 
isothermal  holding  temperature  of  400  C .  The  peak  total 
elongation  and  peak  TS  x  El  are  also  observed  at  400  C  .  The 
change  in  s’olume  fraction  of  retained  austenite  shows  the 
same  tendency  as  that  of  total  elongation. 

Photo  1  shows  the  change  in  microstructures  as  a  func¬ 
tion  of  isothermal  holding  temperature.  The  microconsti¬ 
tuents  of  water-quenching  type  continuously  annealed  sheet 
are  ferrite  +  martensite,  though  the  photo  is  not  illustrated. 


Photo  1  Change  in  microstructure  as  a  function  of  isother¬ 
mal  holding  temperature  of  steel  X5  after  roll-quen¬ 
ching  type  continuous  annealing  at  800‘C  for  2 
min  with  a  first  cooling  rate  of  12'C  per  second 
(Simulated  coiling  temp.:  680"CI 
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Photo  2  Transmission  electron  micrograph  of  steel  X5 
after  roll-quenching  type  continuous  annealing 


The  mirroconstituent  other  than  ferrite  in  roll-quenching 
type  continuously  annealed  sheet  is  martensite  with  retained 
austenite  of  10  ^  16%.  Retained  austenite  is  observed  not  on¬ 
ly  as  isolated  particles  within  the  ferrite  grains,  but  also  as  ag¬ 
gregates  with  martensite,  as  shown  in  Photo  2.  Some  of  the 
second  phase  looks  like  bainite  under  SEM  observation. 
However,  only  bainitic  ferrite  is  observed,  and  no  “bainite 
with  carbide,  under  TEM  examination 

As  a  result,  an  excellent  combination  of  elongation  and 
tensile  strength  is  achieved  in  0.2 %C-2.5 %Si- 1  .,6%Mn  steel 
by  the  roll-quenching  type  continuous  annealing  process. 

EFFECTS  OF  SILICON  AND  MANGANESE  CON¬ 
TENTS  ON  TENSILE  PROPERTIES  The  experi¬ 
ment  has  been  undertaken  to  examine  the  effects  of  silicon 
and  manganese  contents  on  mechanical  properties  in  0.2% 
carbon  steel,  in  order  to  achieve  a  good  combination  of 
strength  and  ductility  by  means  of  retained  austenite  without 
the  use  of  expensive  alloying  elements  in  the  roll-quenching 
type  continuous  annealing  process.  Figure  2  shows  the 
change  in  tensile  properties  and  the  volume  fraction  of  retain¬ 
ed  austenite  as  a  function  of  silicon  content.  The  volume  frac¬ 
tion  of  retained  austenite  increases  as  the  silicon  content  in¬ 
creases  in  1.6%  manganese  steel.  The  volume  fraction  of 
retained  austenite  in  2.0%  manganese  steel  is  almost  in¬ 
dependent  of  the  silicon  content,  and  is  almost  the  same  as 


that  of  1.5%  manganese  steel  having  a  silicon  content  of  1.7 
to  2.5%.  Fiach  1  %  addition  of  silicon  increases  tensile 
strength  by  15 18  kgf 'tnm-  in  both  1.5%  and  2.0% 
m  inganesc  steels.  Total  elongation  remains  almost  constant 
for  silicon  contents  of  1 .0  to  1.7%.  However,  the  increment 
in  silicon  from  1.7  to  2.5%  deteriorates  total  elongation.  TS 
X  F.l  in  1  mane-nese  steel  increases  with  the  addition  of 
silicon  from  1.0%  to  1.7%  and  remains  constant  for  further 
increases  of  silicon.  The  optimum  combination  of  tensile 
strength  and  ductility  is  obtained  in  steel  having  1.5% 
manganese  and  2.5%  silicon. 

The  austenite  fractions  during  intercritical  annealing 
are  different  in  steels  used  for  examining  the  effect  of  silicon 
content  due  to  the  change  in  Ac,  and  Ac,  temperatures, 
because  all  steels  are  annealed  at  830  C  for  2  minutes. 
However,  It  is  confirmed  that  ll.e  addition  of  silicon  also  in¬ 
creases  the  volume  fraction  of  retained  austcr’'e  in  sheets  an¬ 
nealed  at  temperatures  adjusted  to  obtain  the  same  ausienite 
fraction  during  intercritical  holding. 

Figure  3  shows  the  relationship  between  volume  frac¬ 
tion  of  retained  austenite  and  TS  x  El.  The  increase  in  TS  x 
F!  is  closely  related  to  the  increase  in  volume  fraction  of 
retained  austenite  The  data  are  divided  into  three  groups  of 
relationship.  It  depends  on  manganese  content  of  these 
steels.  1.5%  manganese  steel  shows  a  TS  x  El  of  1600,  which 
is  tensile  strength  of  about  126  kgf  mm'^  and  total  elongation 
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Fig.  2  Effects  of  silicon  and  manganese  contents  on 
mechanical  properties  of  sheets  after  roll-quen¬ 
ching  type  continuous  annealing  at  830  C  for  2  min 
(Simulated  coiling  temp.:  680  0 
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Fig.  3  Relationship  between  volume  fraction  of  retained 
austenite  and  product  of  tensile  strength  and 
elongation  (by  JIS  13B  type  tensile  specimens! 
Solid  marks:  holi  quenched 
Open  marks:  Continuous!', •  cooled  room 
temperqture 


1.0%Si  2.5%Si 


Photo  3  Scanning  electron  micrographs  of  hot-rolled 
sheets  coiled  at  680  C 


of  about  r2.5%  in  spite  of  as  niueli  a.s  ‘Z'.i'fi  retained 
austenite. 

It  is  reasonable  to  assume  that  the  change  in  ductility  as 
a  function  of  manganc.sc  contents  has  arisen  from  microstruc- 
tural  changes.  The  volume  fraction  of  martensite  increases 
as  the  manganese  content  increases.  Therefore,  the  increase 
in  volume  fraction  oi  martensite  and  consequential  decrease 
in  volume  fraction  of  ferrite  deteriorates  TS  x  El  in  spite  of  a 
given  volume  fraction  of  retained  austenite.  It  is  expected 
that  ferrite  easily  accepts  the  volume  expansion  of  retained 
austenite  which  accompanies  strain-induced  transformation, 
leading  to  a  better  exhibition  of  TRIP.  " 

As  the  silicon  content  increases,  the  second  phase 
b"comes  smaller  in  size  with  alm.rst  no  change  in  the  volume 
fraction  of  second  phase  though  the  volume  fration  of  retaiti- 
ed  austenite  increases  slightly.  Thus,  the  increase  in  tensile- 
strength  with  silicon  addition  may  be  mostly  attributed  to 
solid  solution  hardening. 

The  change  in  microstructures  of  annealed  sheets  as 
functions  of  silicon  and  manganese  contents  may  be  due  to 
that  of  hot-rolled  sheets.  Photo  3  'hows  the  chatige  iti 
microstructures  of  hot-rolled  sheets  "'s  functions  of  silicon 
and  manganese  contents.  The  structure  consists  of  ferrite  t 
pearlite.  As  the  manganese  content  increases,  the  volume 
fraction  of  pearlite  increases  and  its  lamella  structutc 
develops.  On  the  contrary,  as  the  silicon  content  increases, 
the  size  of  pearlite  decreases  and  the  cementite  in  pearlite 
becomes  globular. 

EFFETCS  OF  COILING  TEMPERATURE  ANc 
ANNEALING  TEMPERATURE  ON  TENSILE  PRO¬ 
PERTIES  Figure  4  shows  the  effects  of  simulated  coil¬ 
ing  temperature  Tc  and  annealing  temperature  I',  oti  the 
mechanical  properties  of  steel  X.i  annealed  by  roll-queti- 
ching  type  continuous  annealing.  Elevating  the  simulated 
coiling  temperature  from  440  C  to  (380  C  tlecreases  tetisile 
strength  by  5  to  10  kgf  tntn-'.  increases  total  elongation  bv 
to  7%  and  con.secjuently  iticreases  TS  x  El.  On  the  other 
hand,  a  low  coiling  temperature  brings  tibout  an  iitc  tease  in 
tensile  strength  but  a  deterioration  in  TS  x  El.  ’Eherelore.  a 
coiling  temperature  ol  about  320  C  is  suitable  iti  tertns  ol  ten¬ 
sile  strength  and  due  ility 

Photo  4  shows  the  chtinge  in  scatmitig  elcttron 
micrographs  of  hol-rolletl  sheets  as  a  littu  lion  ol  simulated 
coiling  tempeniture.  The  latnella  structure  of  pearlite 
develops  in  hot-rolled  sheet  with  a  lower  sitnulated  coilitig 
temperature,  whereas  the  cementite  in  pearlite  betiitnes 
globular  in  hot-rolled  sheet  with  a  higher  simulated  coilitig 
temperature.  It  i.s  obscricd  by  metallographic  exatnitiatioti 
that  the  nucleation  of  austenite  in  ttild-rolled  sheet  with  a 
lower  simulated  coiling  temperature  is  more  likely  to  oc<  tit  .it 
the  pearlite  particles  during  ititercrit ical  attnealitig,  as  showti 
In  Photo  4.  In  cold-rolled  sheet  with  a  higher  simttlated  toil¬ 
ing  temperatur.',  the  Iransforttiatioti  to  austenite  is  initiated 
on  the  cenientites  distributed  in  rows.  It  is  assittiied  that  the 
difference  of  austenizatioti  results  iti  ih.itiges  of  mor¬ 
phologies  in  martensite  and  retained  austenite,  though  the.se 
dillerences  beronic  stnall  bv  longer  and  higher  antietiling 
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T  1  7oo°C -  400°C  X  3min 


T 1  (  C  X  2min) 

Fig.  4  Effects  of  coiling  IT,)  and  annealing  temperature  (Tp ) 
on  mechanical  properties  of  steel  X5 

Martcn.siic  inircasc.s  slightly  in  volume  fraction  with  a 
small  fhangf  in  rctaimxl  austenite  content  as  the  coiling 
tcmporaiLjrc  cierroast’s.  Appamii  ditfcrcncfs  <>1  trnsilc 
sirfnyth  and  ductility  due  to  (hanm‘  in  the  coiling 
tftnpcraturc  arc  f)clicvcd  to  arise  Irorn  the  difTcnuKcs  in 
martensite  content  and  morphology,  as  well  as  the  dilTerence 
in  retained  austenite  in  strthility  against  strain  induced 
transformation. 

A  decrease  in  annealing  lenijx’ratuix  from  860  C  to 
8tK)  C  itu  teases  tensile  strength  and  dec  reases  total  elonga¬ 
tion.  which  are  remarkable  in  sheets  coiled  at  440  C  .  A  fur¬ 
ther  decrease  in  annealing  temperature  rapidly  decreases  ten¬ 
sile  strength  and  total  elongation  remains  constant.  I'he 
decrease  in  tensile  strength  at  770  C'  annealing  may  he*  due  to 
iruomplete  austenization,  as  shown  in  Photo  4,  The  peak 
rs  X  K1  is  obtained  iti  sheets  annealed  at  800  C  to  880  C  . 
This  peak  is  presumed  to  arise  Irom  the  enrichment  of 
austenite  with  carbon  during  inlercritic  al  annealing  and 
from  the  stability  of  retained  austenite. 

EFFETCS  OF  FIRST  COOLING  RATE  AND  QUEN¬ 
CHING  TEMPERATURE  ON  TENSILE  PROPER¬ 
TIES  Figure  5  shows  ih*’  eflects  of  the  first  cooling  rate 
and  (jueru  hing  temp<Tature  I  n  on  thi  mechanical  properties 
of  sf(*(4  X5  heated  at  320  C  for  the  simulated  coiling  treat¬ 
ment  and  annealed  at  800  1.  for  2  min.  In  the  case  of  a  first 
(ooling  rate  of  6  C  per  second,  an  exc  ellent  comI)ination  of 
'I17f  elongation  (23  mm  in  width  tensile  spec  imen)  and  high 


Hot- fotted  Sheets  1  770'CxlminWO  HOU'Cxtm»nWO 


Photo  4  Change  in  microstructures  of  steel  X5  before  and 
after  anneal  ing  at  770  and  800  C  for  1  min  as  a 
function  of  coiling  temperature 


strength  of  about  100  kgf  mm-  is  achieved  at  a  (jueiiching 
temperature  of  750  C'.  However,  as  the  quenching 
temperature  is  lowered  both  tensile  strength  and  total  elonga¬ 
tion  deteriorate  while  vield  strength  increases. 

Photo  5  shows  the  change  in  transmission  electron 
micrographs  as  a  function  of  quenching  temperature.  4'Iie 
mic  rosiructures  consist  ol  ferrite  with  high  densitv  disloc  a¬ 
tion  whic  h  may  be  bainitic  ferrite,  martensite  and  retained 
austenite.  When  the  cjueiufiing  temperature  is  lowered  to 
630  C  ,  pearlite  is  observed  though  no  change  in  the  marten¬ 
site  distribution  is  observed.  The  introduction  of  pearlite- 
deteriorates  the  strength  and  due  tilitv.  I'his  results  from  the 
transformation  from  austenite  to  pearlite  dviring  the  first  cool¬ 
ing  of  6  C  per  second. 

On  the  other  hand,  in  the  c  ase  ot  a  first  tooling  rate  of 
12  C  pt‘r  st'cord,  both  tensile  strength  and  total  elongation  re¬ 
main  at  high  levels  in  sheets  annealed  at  temperature  rang¬ 
ing  from  730  to  630  C  .  'T  herefore,  a  high  TS  \  K1  of  2000  is 
achieved  even  though  the  sheet  is  queue  lied  at  (>30  C  .  \  Icnv 
cjuenching  temperature  is  eonvenieni  for  production  on  the 
actual  process  line. 

As  the  simulated  toiling  tem[)era(ure  is  lowered  the 
cjuenching  temperature  at  which  high  tensile  strength  and  .m 
excellent  combination  of  strength  and  ductililv  an-  maintam 
c'd  decreases  and  tensile  strength  increases  although  uhaI 
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elongation  slightly  decreases.  Consequently,  sheet  heated  at 
a  simulated  coiling  temperature  of  400  C  and  quenched  from 
600  C  after  cooling  at  a  rate  of  12  C  per  second  shows  a  ten¬ 
sile  strength  of  over  100  kgf/ mm-  and  an  excellent  TS  x  El  of 
2700.  Increasing  the  first  cooling  rate  from  6  to  12  C  per  se- 
oad  results  in  th^.  beneficial  suppression  of  pearlite  transfor¬ 
mation  without  preventing  the  formation  of  polygonal  ferrite 
during  cooling. 

EFFECTS  OF  COILING  TEMPERATURE  AND  QUEN¬ 
CHING  TEMPERATURE  ON  HOLE  EXPANDING 
LIMIT  It  is  thought  that  TRIP  steel  may  not  be 
suitable  for  commercial  applications  which  demand  stretch 
flangeability  due  to  a  lack  of  localized  elongation,  even 
though  the  steel  shows  high  uniform  elongation."*'  Thus,  the 
following  experiment  was  undertaken  to  improve  the  hole  ex¬ 
panding  limit  as  a  characteristic  parameter  of  stretch 
flangeability. 

Figure  6  shows  the  effects  of  the  simulated  coiling 
temperature  and  quenching  temperature  on  the  hole  expan¬ 
ding  limit  of  steel  X5  annealed  by  roll-quenching  type  con¬ 
tinuous  annealing.  An  elevation  in  simulated  coiling 
temperature  brings  about  an  increase  in  the  hole  expanding 
limit  and  lessens  the  effect  of  quenching  temperature  on  the 
hole  expanding  limit.  The  hole  expanding  limits  at  simulated 
coiling  temperatures  of  400  to  520  C  arc  low  in  value  but  are 
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Fig.  5  Effects  of  first  cooling  rate  (Ci)  and  quenching 
temperature  (TqI  on  mechanical  properties  of  steel 
X5 
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Photo  5  Change  in  transmission  electron  micrographs  as  a 
function  of  quenching  temperature  of  steel  X5 
after  roll-quenching  type  continuous  annealing  at 
800  C  for  2  min  with  a  first  cooling  rate  of  6  C  per 
second  (Simulated  coiling  temp.:  5200 


800'C X 2min  Tq  —  400*C x  3min 
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Fig.  6  Effects  of  coiling  temperature  (TJ  and  quenching 
temperature  (TqI  on  hole  expanding  limit 
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Fig.  7  Relationship  between  hole  expanding  limit  X  and 
tensile  strength 


Photo  6  Scanning  electron  micrographs  of  punched  edge 
(Simulated  coiling  temp.:  400  0 


irnprovfd  by  dctreasing  th<’  qucruhing  (cinpcraturr.  I'hc 
hoU’  expanding  liiniis  an*  plotted  against  tensile  strength  in 
Fig.  7.  At  a  simulated  (oiling  temperature  over  520  C  ,  the 
hole  expanding  limit  increa.ses  as  tensile  strength  dcercascs. 
I  his  relationship  l)e(we<  r.  the  liole  expanding  limit  and  ten* 
sile  strengtli  is  superior  to  that  of  eonventional  composition 
steel,  steel  XlO,  annealed  by  roll-quenching  type  continuous 
annealing  Furthermore,  at  a  simulated  coiling  temperature 
ol  400  C  ,  a  d(*( Tease  in  quenching  temperature  to  600  C  im¬ 
proves  the  hole  expanding  limit  at  a  given  tensile  strength. 
'I'his  may  be  (Jue  to  the  change  in  formation  of  the  micro- 
(  ra<  ks  during  punching  caused  by  .se(  ond  jihase,  as  shown  in 
Photo  6,  and  the  decrease  in  solute  carbon  content  leading 
to  benellc  iai  suppression  of  the  crack  propagation  in  hole  ex¬ 
pansion  . " ' 

PRESS  FORMABILITY  As  mentioned  abcjve  a  100 
kgf/mm*^  grade  high  strength  steel  with  a  notably  high  pro- 
dij(  t  of  tensile  strength  and  elongation  has  been  developed  by 
introducing  a  large  amount  of  retained  austenite  in  0.2%C  - 


2.5%Si  -1.5%Mn  steel  sheet  by  utilizing  the  heat  c  y(  le  ol 
RQ-CAL.  An  accumulation  of  press  forming  data  is  also  re¬ 
quired  since  practical  applications  usually  involve  various 
types  of  forming  processes.  7'he  press  forrnabiliiy  ot  newly 
developed  lOOkgf/rnm'  grade  high  strength  sheet  steel  i.s 
evaluated  by  various  press  forming  tests  in  the  laboratory, 
and  is  compared  with  conventional  100  kgf  mm*  grade  high 
strength  cold-rolled  dual-phase  sheet  steel  produced  by 
water-quenching  type  continuous  annealing.  Fhis  Jual- 
phase  sheet  steel  shows  one  of  the  best  press  forrnabilities  ol 
100  kgf/mm^  grade  sheet  steels  put  to  practical  use.  such  as 
in  door-guard-bars  and  bumper  reinforcement  lor 
automobile  bodies. 

Press  forrnabilities  investigated  in  this  study  were  ben- 
dability,  deep  draw’ability,  stretch  formability,  conical  cup 
formability  and  hole  flangcability.  Tool  dimensions,  forming 
conditions  and  the  experimental  results  of  these  press  form¬ 
ing  tests  arc  summarized  in  Table  2.  According  to  Tabic  2. 
it  is  apparent  that  the  newly  developed  sheet  steel  having  a 
superior  combination  of  strength  and  ductility  produced  h\ 
roll-quenching  type  continuous  annealing  shows  not  only 
almost  equal  bendability  and  hole  llangcability.  but  al.so  ex¬ 
cellent  stretch  formability  cotnpared  with  conventional  dual- 
phase  sheet  steels.  Therefore,  the  newly  developed  sheet  steel 
is  expected  to  be  suitable  for  various  applications  retpiiring 
pre.ss  forming. 


DISCUSSION 

EFFECT  OF  SILICON  Roll-qucnching  type  con¬ 
tinuously  annealed  sheets  show  extra-high  ductility  com¬ 
pared  with  sheets  which  are  water-quenched  to  room 
temperature  from  intercrif ical  annealing  and  then  tempered 
at  3.50  450  C  .  Roll-qucnching.  followed  by  isothermal 

holding  at  400  f  for  3  minutes,  is  beneficially  effective  in  in¬ 
troducing  retained  austenite.  Silicon  addition  results  in  a 
significant  increase  in  'FS  x  El  in  rolI-quenching  type  con- 
linously  annealed  sheets,  indicating  an  improvement  in  duc¬ 
tility  even  though  silicon  increases  the  tensile  strength  l)v 
solid -solution  hardening. 

It  has  been  reported  that  a  significant  amount  ol 
austenite  is  retained  in  sheets  cc^ntaining  a  ntiddle  to  high  car¬ 
bon  content  by  cooling  to  r(X)m  temperature  through  the 
two-stage  bainite  transformation  regime.  However,  there 
has  been  no  investigation  involving  the  0.2%  carbon  steel  us¬ 
ed  in  this  study,  which  is  able  to  apply  to  spot  welding. 

Stabilization  of  the  austenite  at  room  temperature  in¬ 
dicates  that  at  some  stage  during  the  bainite  reaction  the 
austenite  becomes  enriched  with  respect  to  carbon.  The 
isothermal  transformation  in  the  bainitic  region  does  not 
always  retain  austenite.  It  depends  on  the  presence  (d  silicon. 
Silicon  is  known  to  inhibit  cementite  formation  during  the 
tempering  reaction  in  steels. This  is  generally  explained  by 
the  relative  insolubility  of  silicon  in  cementite  requiring  the 
diffu.sion  controlled  ejection  of  silicon  at  the  transformation 
front  which  in  turn  results  in  a  silicon  concentration  build-up 
during  an  early  stage  of  growth,  rhis  locally  increases  the  ac¬ 
tivity  of  carbon  so  that  the  carbon  flux  is  redviced  and  further 
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ck*vt‘lopnu'n{  of  iht*  ccmentitf  finbryos  is  inhibited’'* 

Aliluni^h  details  ot'bainite  transfonnaiion  in  steels  used 
u'  this  siudv  liave  not  been  elarified  sufficiently,  bainitic  fer¬ 
rite  wiiliout  carbide  was  observed.  It  is  thought  that  this 
bainitic  ferrite  results  in  the  inhibition  of  carbide  precipita¬ 
tion  tlue  to  siliton.  The  prevention  of  carbide  formation  cor- 
respondinglv  leads  to  a  high  concentration  of  carbon  in 
ausienin*.  I'he  bainite  transformation  is  a  diffusionless 
transformation  in  which  the  growth  of  a  sheaf  occurs  by  ihe 
martensitic  propagation  ol  subunits,  and  the  redistribution 
o(  I  arbon  from  these  subunits  to  the  residual  austenite  occurs 
aftei  the  ac  lual  transformation  has  taken  place.  C’onsec|uent- 
Iv.  austenite  is  retained  due  to  a  lowered  Ms  point  bv  the 
enrichment  ot  earbon  even  after  cooling  to  room 
temjH'raturc'. 

1  he  rc'tained  austenite  is  observed  not  only  as  aggregate 
with  martcmsiie,  but  also  as  Islands  within  lerriie  grains.  I'he 
loriner  ret.htual  austenite'  can  be  explained  by  the  above-men- 
tinned  hvpoihesis.  Ho\ve\er.  (he  latter  isolated  retained- 
ausieintc'  p.irticles  mav  be  c.iused  bv  their  small  size  since 
this  inhibits  their  trai^sformation  to  martensite,  and  may  also 
be  laused  bv  the  high  carbon  concentration  ol  .lusicmite. 
which  e\c‘n  alter  sulfuient  intercniical  annealing  lowers  ilu‘ 
.Ms  point,  since  iiusteniz.alion  is  iniiiatc-d  on  the  carbides  ol 
pcai  iite 

EFFECTS  OF  CONTtNtOUS  ANNEALING  CONDI¬ 
TIONS  I  he  pe.ik  \oluine  Iractinn  ol  retained  austenite 
i";  obtained  .it  .in  isothermal  holding  temperature*  (or  aus- 
temper  femfx’rature)  of  400  C  in  steel  X.5.  as  slioun  in  Fig. 
1.  Shinoda  ei  af  have  examined  (he  change  in  the  volume 
Itaction  ot  retained  austenite  in  .i  spring  s(e<*l  SL’P  () 
(0,f)'\  ( :- 1  7^'r  Si-O  8''^  Mn)  as  a  unc  tion  ol  the  isoihernial 


holding  temperature  alter  an  annealing  at  850  C  lor  10  ruin 
They  have  also  showed  the  maximum  content  of  retained 
austenite  at  400  C  ,  except  in  cases  ol  extremely  short  or  pro¬ 
longed  isothermal  holding.  According  to  Shinoda.  the 
microconstituenis  are  bainite  4-  retained  austenite  ^  marten¬ 
site  at  a  lower  isothermal  holding  temperature,  and  bainite 
4-  retained  austenite  at  a  higher  temj)erature.  And.  the 
strength  probably  decreases  as  the  isoihcrnal  holding 
temperature  increases.  However,  it  is  important  to  note  that 
the  microconstituents  are  ferrite  (including  bainitic  ferrite) 
4-  martensite  f  retained  austenite,  which  are  independent 
of  the  isothermal  holding  temperature  within  the  present 
study,  and  the  minimum  lensih*  strength  is  obtained  at  an 
isothermal  holding  temperature  of  400  C  .  as  shown  in  Fig. 
1.  4'he  transformation  from  austenite  tt/  bainitic  ferrite  con¬ 
tained  no  carbides  due  to  the  presence  of  silicon  during  the 
bainite  reaction,  which  is  assumed  to  be  mostly  promoted  at 
a  temperature  Just  above  the  Ms  point  (580  C'.  calculated 
value),  ('on.sequently.  the  enrichment  of  carbon  in  austenite 
occurs  and  the  peak  \'oliime  fraction  of  retained  austenite  is 
thought  to  be  obtained  at  400  C  .  I'he  elevation  in  isothermal 
holding  temperature  may  decrease  the  carbon  conceniraiion 
in  residual  austenite,  which  is  not  enough  to  retain  austenite 
at  room  lempcraiure,  caused  by  the  retardation  of  bainitic 
ferrite  transformation  and  the  increase  in  the  solute  carbon 
content  of  ferrite.  'I'his  residual  austenite  is  thought  to  be 
transformed  into  twin-martensite  during  subsequent  cooling 
and  to  bring  about  an  increase  in  strength,  On  the  other 
hand,  if  the  isothermal  holding  temperature  is  lower  then 
400  C ,  it  is  reasonable  lo  assume  that  latb*martcnsiie  is 
directly  formed  from  austenite  without  the  bainite  reaction. 
<ukI  .ilso  brings  about  an  increase  in  strength. 

I'he  low  range*  of  intert  ritic  al  temperatures  is  applied 


Poor 


Table  2  Tool  dimensions,  forming 
conditions  and  formabilitles 
of  steel  sheets 
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for  annt'aliii^  in  tl.is  cxperiineiu.  When  the  annealing 
teinperaiure  is  lower,  slow  dissolution  of  carbides  becomes 
rate-controlling  and  it  takes  a  long  time  to  attain  an 
equilibrium  proportion  of  austenite.  Undissoived  carbides 
are  found  when  the  sheets  are  annealed  at  770  C  ,  just  above 
the  Aci  temperature,  as  shown  in  Photo  4.  This  implies  an 
insutllcicnt  enrichment  of  austenite  with  carbon,  and  results 
in  a  small  quantity  and  poor  stability  of  retained  austenite 
after  the  heat  treatment  that  deteriorates  both  strength  and 
elongation.  On  the  contrary,  excessive  heating  such  as  in  the 
upper  range  of  intercritical  temperature  and  in  the  austenite 
single-phase  range  is  thought  to  bring  about  a  poor  balance 
between  strength  and  ductility.  This  is  caused  by  the 
decrease  in  retained  austenite  content  and  the  lowering  of  its 
stability  due  to  an  advance  in  the  homogeneous  distribution 
of  carbon  in  austenite. 

RELATIONSHIP  BETWEEN  RETAINED 
AUSTENITE  AND  TRIP  The  effects  of  retained 
austenite  on  ductility  enhancement  provement  were  discuss¬ 
ed  for  dual-phase  steels.'”  However,  the  contributions  of 
retained  austenite  have  not  been  fully  understood  because  it 
is  doubtful  that  the  relatively  small  amount  of  reiain<*d 
austenite  and  the  completion  of  its  transformation  into 
martensite  in  the  early  stage  of  deformation  could  contribute 
to  such  improved  ductility.  In  the  present  study,  the  contribu¬ 
tions  can  be  more  clearly  studied  because  of  tlie  large 
amount  austenite  and  iln'  consitlerable  increase  in  ductili¬ 
ty, 

Figure  8  shows  the  change  in  the  solume  frac  tion  of 
retained  austenite  and  wcuk-hardemng  rate  as  a  function  of 
tensile  strain.  Hot-rolled  sheet  of' steel  X.a  was  held  at  400  (.' 
for  1  hour  prior  to  cold-rolling.  The  simulated  coiling 
temperature  of  steel  X8  was  520  C  .  Both  sleeps  were*  heat<-d 
at  800  C  for  2  min.  air-cooled  at  a  rate  ol  12  (.  per  second  to 
650  C  ,  (juenched  at  a  rate  of  about  100  C  per  second  to 
400  C  .  held  for  .3  rnin  and  cooled  to  room  temperature.  'I'he 
strength  and  dudility  balance  of  steel  X5  ditferecl  from  ih.it 
of  steel  X8,  even  though  these  steels  provide  the*  same 
s'olume  fractiem  of  retained  austenite  and  almost  tlie  same 
tensile  strength,  d'he  4’S  x  Kl  is  2681  tor  steel  X5  and  2160 
tor  steel  X8.  Steel  X5  shows  a  large  n-value  even  in  a  high 
strain  ol  over  2l)'/r  .  The  volunu*  traction  of  retained 
austenite*  decreases  gradually  with  deformation  from  14.6'/'< 
before  deformation  to  2*}^  after  straining  to  uniform  elonga¬ 
tion  The  derrea.se  is  caused  by  strain-induced  transforma¬ 
tion.  <ind  the  aecornpanying  large  work-hardening  results  in 
imprffved  ehmgalion. 

On  the  ofhcT  hand,  the  dec  rease  in  the  volume  frac  tion 
of  refainc  cl  austenite  of  steel  X8  is  more  rapid  than  that  of 
stee  l  X5.  espc‘cially  in  the*  early  stage  of  straining,  and  the 
ra[)id  transformation  from  retained  austenite  to  martensite 
jjrobably  deteriorates  elongation.  4’his  difference  may  be  at¬ 
tributed  to  the  differenc  e  of  retained  austenite  in  the  stability 
.igainst  strain-induced  transformation  as  results  of  the  dif¬ 
ferent  c  arbcHi  content  and  sec  c)!Kl-|)hase  distribution. 

No  ap|)arent  evidence  with  respec  t  to  the  carbon  con¬ 
tent  in  austenite  was  dc‘tec  ted  by  X-ray  diffraction  analysis. 


though  it  is  expected  that  the  carbon  content  in  austenite  ol 
steel  X5  is  higher  than  that  of  steel  X8  due  to  the  different 
silicon  and  manganese  contents.  Accordingly,  distribution  of 
(he  martensite  phases,  as  shown  in  Photo  7,  must  also  in¬ 
fluence  the  transformation  behavior  from  retained  austenite 
to  martensite  during  tensile  straining,  and  consequently  in¬ 
fluence  ductility.  Ferrite  has  a  superior  ductility  because  it  is 
softer  than  martensite.  Also,  ferrite  easily  accepts  the  volume* 
expansion  of  retained  austenite  which  accompanie.s  strain-in¬ 
duced  transformation.  Besides,  the  ferrite  phase  around 
isolated- retained  austenite  is  presumed  to  relive  external 
stress  because  the  ferrite  also  accepts  deformation. 
Therefore,  strain-induced  transformation  occurs  gradually, 
leading  to  a  better  exhibition  of  the  TRIP  effect.  However, 
the  presence  of  martensite  is  thought  to  diminish  this  eflcci. 
The  retained  austenite  exists  not  only  as  aggregate  with 
martensite,  but  also  near  martensite  particles  in  addition  to 
increasing  martensite  volume  fraction  in  steel  X8,  in  com¬ 
parison  with  steel  X5,  as  show’n  in  Photo  7.  Most  of  the 


Fig.  8  Changes  in  work-hardening  rate  and  volume  frac¬ 
tion  of  retained  austenite  as  a  function  of  tensile 
strain 


- - 

steel  X5(Tc-.400ti)  Steel  X8  (Tc  :520t:) 


Photo  7  Effects  of  silicon  and  manganese  contents  on 
microstructure  of  roll-quenching  type  continuous¬ 
ly  annealed  sheets  at  800  C  for  2  min  with  a  first 
coiling  rate  of  1  2  C  per  second 
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retained  austenite  in  steel  X8  may  easily  transform  to 
martensite  in  the  early  stage  of  straining  because  the  external 
stress  directly  propagates  to  retained  austenite  through  the 
hard  martensite  phase.  The  presence  of  martensite  is  one  of 
the  reasons  why  .strength-ductility  balance  is  not  good  in 
spite  of  as  much  as  14%  retained  austenite  before  deforma¬ 
tion. 

CONCLUSIONS 

For  the  purpose  of  developing  a  lOOkgf/'mm'  grade 
high  strength  sheet  steel  with  notably  high  elongation  greater 
than  24%  by  utilizing  transformation-induced  plasticity  of 
retained  austenite,  the  effects  of  chemical  compositions,  hot- 
rolling  conditions  and  continuous  annealing  conditions  on 
the  mechanical  properties  of  0.2%  carbon  steels  were 
studied,  and  the  key  findings  are; 

1)  Roll-quenching  type  continuously  annealed  sheets  show 

extra-high  ductility  compared  with  sheets  water-quenched 
to  room  temperature  from  the  intercritical  annealing 
temperature  and  then  tempered  at  350  450  C  .  Roll-quen¬ 

ching,  followed  by  isothermal  holding  at  400  C  for  3 
minutes,  is  beneficially  effective  in  introducing  retained 
austenite.  It  is  believed  that  the  increment  of  elongation  in 
sheets  annealed  by  the  RQ-CAL  process  results  from  the 
transformation  of  retained  austenite  during  plastic  strain¬ 
ing  and  the  resultant  increase  in  work-hardening. 

2)  Silicon  addition  results  in  a  significant  increase  in  TS  x 
F.  1  in  roll-quenching  type  continuously  annealed  sheets,  in¬ 
dicating  an  improvement  in  ductility  even  though  silicon 
increases  the  tensile  strength  by  solid-.solution  hardening. 
The  effect  of  silicon  may  arise  from  the  increase  in  ap¬ 
propriate  stable  retained  austenite. 

On  the  other  hand,  it  is  observed  that  the  addition  of 
manganese  deteriorates  the  total  elongation  though  the 
amount  of  retained  austenite  remains  unchanged.  It  is 
assumed  that  the  effect  of  retained  austenite  on  ductility  is 
small,  because  the  retained  austenite  transforms  in  the 
beginning  of  the  straining  process  due  to  the  presence  of 
martensite. 

3)  As  a  result,  a  lOOkgf/mm^  grade  high  strength  sheet 
steel  with  a  notably  hi,gh  product  of  tensile  strength  and 
elongation  (TS  x  El  =2800)  has  been  developed  by  in¬ 
troducing  a  large  amount  of  retained  austenite  in  0.2%C- 
2.5%Si-l  .5%  Mn  steel  sheet  by  utilizing  the  heat  cycle  in 
an  RO-CAT  process.  This  sheet  steel  shows  not  only  equal 
bendability  and  hole  flangeability,  but  also  excellent 
stretch  formability  compared  with  conventional  duttl- 
phase  sheet  steels. 
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Abstract 

The  effects  of  Nb  and  V  addition  on  mecha¬ 
nical  properties  and  recrystallization  behavior 
of  austenite  were  investigated  in  Ti  bearing 
steels,  by  comparing  with  the  solubility  and 
composition  of  precipitates.  Addition  of  Nb 
decreases  the  tensile  strength  of  Ti  bearing 
steels  reheated  at  a  low  temperature  and  in¬ 
creases  the  toughness  of  Ti  bearing  controlled 
rolled  steels,  whereas  addition  of  V  increases 
the  tensile  strength  and  scarcely  increases  the 
toughness.  The  addition  of  Nb  is  effective  in 
increasing  the  solubility  of  precipitates  in  Ti 
bearing  steels  through  the  formation  of  complex 
precipitates,  while  the  addition  of  V  is  little 
effective.  It  is  concluded  that  the  differences 
in  the  mechanical  properties  arise  from  the 
different  solubility  of  the  complex  precipitates 
in  Nb-Ti  and  V-Ti  bearing  steels. 

I.  Introduction 

In  recent  years  Ti  is  more  utilized  in  high 
strength  low  alloy  (HSLA)  steels  to  improve  the 
mechanical  properties  of  controlled  rolled 
steels.  Because  inlcroprecipitation  of  Ti  carbo- 
nltrides  brings  about  retardation  of  austenite 
recrystallization  and  precipitation  strength¬ 
ening  of  ferrite  matrix.  Addition  of  Ti  in¬ 
crease  both  strength  and  toughness  of  low  carbon 
steel s . 

Addition  of  Nb  or  V  in  Ti  bearing  steels 
can  lead  to  formation  of  complex  carbonitrides 
(which  contains  at  least  two  metallic  elements 
in  precipitates),  since  the  binary  carbides  and 
nitrides  of  these  microalloying  elements  are 
mutually  soluble  because  of  their  B1  type  struc¬ 
ture.  Reports  are  available  on  the  presence  of 
complex  precipitates  in  Nb-Ti' and  V-Ti'’^' 
steels.  The  formation  of  complex  precipitates 
may  change  the  stability  of  carbonitride  pre¬ 
cipitates,  so  that  the  addition  of  microalloys 
(Nb  or  Ti)  is  expected  to  influence  the  mechani¬ 
cal  properties  of  Ti  bearing  steels.  However, 


the  characteristics  of  complex  precipitates  is 
not  well  understood  and  the  effect  of  complex 
precipitates  is  not  yet  clear  on  mechanical 
properties  of  Ti  bearing  steels. 

The  main  objective  of  the  present  work  was 
to  investigate  the  effect  of  Nb  and  V  additions' 
on  the  precipitation  characteristics  and  recry¬ 
stallization  of  austenite  in  Ti  bearing  steels 
in  terms  of  microstructural  and  hot  strength 
evaluation.  And  mechanical  properties  of  Ti, 
Nb-Ti  and  V-Ti  steels  were  examined  considering 
the  correlation  among  precipitation  strength¬ 
ening,  recrystallization  and  complex  precipi¬ 
tates  with  using  thermodynamics  model  for  com¬ 
plex  precipitates. 

II.  Experimental  Procedures 

(1)  Materials 

Three  series  of  steels  (Ti,  V-Ti  and  Nb-Ti) 
with  the  chemical  composition  shown  in  Table  1 
were  melted  as  vacuum-induction  melts  and  cast 
in  150  kg  ingots  with  a  base  composition  of 
0.09wtXC-0. 4wt%Si-l . 6wt%Mn-0.03wt%Al-0.002wt%N. 
After  soaking  at  1?50°C,  the  ingots  were  hot 
forged  to  150  mm  thick  slabs. 

Table  1.  Chemica'i  compositions  of  steels  used 

(wt  X) 
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c; 

■Si 

Mil  N 1 ) 

\’ 

li 
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li 

n.o!) 

i  l.W) 

0 

-0, 

15 

0.0021 

Nh  T  i 

O.OH 

(I. -I  I 

1.57  0.027 

0 

~0. 

15 

0.0025 

V  Ci 

n.nii 

.  1  . 50 

0.05  0. 

15 

0.0022 

(2)  Precipitates  in  Ti  bearing  steels 

After  reheating  to  1050'Vl250°C  for  Ih,  the 
slabs  were  rolled  to  80  mm,  and  cooled  to  JBCC 
for  finishing  rolling  in  a  laboratory  mill.  The 
finish  rolling  reduced  the  plates  from  80  to  20 
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ram,  by  finishing  temperature  at  700°C  to  be 
cooled  in  air.  Some  steels  were  solution 
treated  besides  controlled  rolling.  Test  pieces 
machined  from  controlled  rolled  plates  were 
reheated  to  900'i"1250°C  for  5h  followed  by  water 
quenching . 

Precipitates  were  extracted  with  carbon 
replicas  from  some  specimens,  for  observation 
with  TEM  and  quantitative  microanalysis  by  STEM- 
EDX.  Volume  fraction  of  precipitates  in  solu¬ 
tion  treated  specimens  were  extracted  electro- 
cheraically  for  chemical  analysis. 

Tensile  strength  and  Charpy  50%  FATT  were 
measured  in  the  transverse  direction  of  control¬ 
led  rolled  plates. 

(3)  Recrystallization  of  austenite 

Static  recovery  and  recrystallization  kine¬ 
tics  after  hot  deformation  of  Ti-bearing  steels 
were  investigated  by  means  of  interrupted  com¬ 
pression  testing.  By  using  the  computerized  hot 
deformation  simulater  equipped  with  induction 
heating  system  under  a  vacuum,  the  compression 
testing  was  performed. 

From  the  true  stress-strain  curves,  the 
percent  softening  taking  place  during  the  inter¬ 
val  of  the  interrupted  compression  X  was  evalu¬ 
ated  by  following  equation  : 


0.2%  offset  yield  stress  and 
flow  stress  at  a  strain  of  0.32 
in  the  first  compression 
0.2%  offset  yield  stress  in 
the  second  compression 


The  cylindrical  shape  compression  specimens 
with  a  diameter  of  8  mm  and  height  of  12  mm  were 
machined  from  controlled  rolled  plates  of  the 
base  (Si-Mn),  0.03wt%Nb,  0.07wt%Tl,  0.11wt%Ti 
and  0.03wt%Nb-0.05wt%Ti  steels.  After  reheating 
at  1200  C  for  5min. ,  the  specimens  were  kept  at 
the  deformation  temperatures  ranged  from  850  to 
1100°C  for  Imln.,  followed  by  the  first  compres¬ 
sion  with  a  strain  of  0.32.  The  deformed  speci¬ 
mens  were  kept  isothermally  in  the  various 
periods  of  time  from  0.1  to  10000  s,  and  then 
the  second  compression  was  given  in  a  strain  of 
0.32.  The  strain  rate  of  first  and  second  com¬ 
pression  was  1  s. 


III.  Results  and  Discussion 

IIl-l  Precipitates  in  Ti  bearing  steels 

Figure  1  shows  the  distribution  of  precipi¬ 
tates  in  the  three  types  of  0.13wt%  Ti  steels 
controlled  rolled  after  reheating  at  1150°C. 

The  number  of  large  precipitates  (1000  A)  is 
larger  in  Nb-Ti  bearing  steels  than  in  Ti  and  V- 
T1  bearing  steels.  This  difference  in  precipi¬ 
tates  means  that  the  addition  of  0.03wt%  'Ro 
decreased  the  solubility  of  carbonitrides  during 
reheating  treatment,  because  large  particles 
(>100  A),  as  shown  Fig.  1,  are  usually  formed  in 
austenite  at  a  high  temperature.  From  Fig.  2, 
morphology  of  the  precipitates  in  Ti  bearing 
steels  is  classified  into  two  types;  spheroidal 
particles  (a)  and  cuboidal  particles  (b). 
Cuboidal  particles  were  mostly  observed  in  the 
steels  reheated  at  a  above  1100°C,  while  sphe¬ 
roidal  particles  in  those  reheated  at  low  tempe- 
ratues.  Both  types  produce  identical  electron 
diffraction  patterns  of  the  B1  type  structure. 


(a)  (b) 


Fig.  2  Electron  micrographs  of  extraction 

carbon  replicas  showing  two  types  of 
precipitates  particles  ((a)  spheroid, 

(b)  cuboid)  in  0 . 03wt%Nb-0 . 05wt %Ti  re¬ 
heated  to  1100°C.  Both  have  an  identi¬ 
cal  diffraction  patterns  correponding  to 
the  B1  rock  salt  structure. 


Fig.  1  Micrographs  of  extraction  carbon  replicas  of:  (a)  0.13wt%Ti,  (b)  0 . 03wt%Nb-0 . 1 3wt %Ti  and  (c) 
0.05wt%V-0. 1 3wt%Ti  bearing  controlled  rolled  steels,  reheated  to  1150°C  prior  rolling. 
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Figure  3  shows  the  STEM-EDX  analysis  of  Nb 
to  Ti  ratio  in  two  types  of  particles  for  Nb-Ti 
bearing  steels.  Metallic  elements  were  mutually 
soluble  both  cuboid  and  spheroid.  The  ratio  of 
Nb/(Nb+Ti)  in  spheroid  is  relatively  high  and 
changes  largely  with  Nb/Tl  balance  in  steels  and 
reheating  temperature.  On  the  other  hand, 
Nb/(Nb+Ti)  ratio  in  cuboid  is  fairly  low  and  has 
little  dependence  on  Nb/Ti  balance  and  reheating 
temperature.  Figure  4  shows  the  results  of 
microanalysis  of  precipitates  for  V-Ti  bearing 
steels  reheating  at  1050  and  1200  C.  In  con¬ 
trast  to  the  above,  V/(V+Ti)  ratio  in  both 
cuboid  and  spheroid  in  V-Ti  bearing  steels  is 
extremely  low  and  scarcely  depends  on  V/Ti 
balance  and  reheating  temperature.  This  sug¬ 
gests  that  Nb  is  significantly  soluble  in  sphe¬ 
roid  whereas  V  is  only  slightly  soluble  both  in 
cuboids  and  spheroids. 


Reheating  terrpetalure  {K.) 

Fig.  3  contents  of  Nb  in  precipitate  particles 
in  0.03wt%Nb-Ti  bearing  controlled 
rolled  steels. 


Reheating  Temperture  (  "C ) 

Fig.  4  Contents  of  V  precipitate  particle  in 
0.05wt%V-Ti  bearing  controlled  rolled 
stools . 

Figure  5  shows  the  amount  of  precipitates 
electro-chemically  extracted  from  0.05  and 
0.13wt%  Tl  steels  added  0.05wt%  V  and  0.03wt% 

Nb.  The  amount  of  precipitates  decreases  in  all 
steels  at  higher  temperatures:  a  significant 


increase  by  addition  of  0.03wt%  Nb  both  in 
0.05wt%  and  0.13wt%  Tl  steels  below  1200  C. 
However,  addition  of  0.05%  V  makes  a  slight 
contribution.  Above  1200”C,  the  amount  of  pre¬ 
cipitates  decreases  to  a  level  for  all  Ti  bear¬ 
ing  steels.  The  results  of  STEM-EDX  micro- 
analysis  of  precipitates  show  a  considerable 
difference  in  solubility  of  complex  precipitates 
between  V  and  Nb.  The  V/(V+Ti)  ratio  of  preci¬ 
pitates  in  V-Ti  steels  were  extremely  low  while 
the  Nb/(Nb+Ti)  ratio  of  precipitates  in  Nb-Ti 
steels  were  relatively  high. 


Temperature  {*C) 

Fig.  5  Effect  of  0.05wt%V  and  0.03wt%Nb  addi¬ 
tion  on  the  amount  of  precipitates  in 
0.05wt%Ti  and  0.13wt%Ti  bearing  steels. 

As  described  above,  addition  of  Nb  changed 
the  precipitation  characteristics  in  Ti  bearing 
steels.  Addition  of  0.03wt%  Nb  increased  the 
fraction  of  Ti  carbonitrldes  and  Nb  were  consi¬ 
derably  soluble  in  the  precipitates  both  in 
controlled  rolled  plates  and  solution  treated 
specimens,  while  addition  of  0.05wt%  V  were 
little  effective  in  increasing  the  fraction  of 
the  precipitates  and  V  were  scarcely  soluble  in 
the  precipitates. 

These  differences  between  Nb-Ti  and  V-Ti 
steels,  can  be  related  to  the  different  solubi¬ 
lity  of  carbonitride  precipitates^*.  The 
0.03wt%  Nb  addition  in  Ti  bearing  steels  de¬ 
creases  the  solubility  of  Ti  carbonitrides  in 
austenite  corresponding  to  large  solubility  of 
Nb  in  the  precipitates.  Therefore,  the  amount 
of  precipitates  in  Nb-Ti  bearing  steels  will 
increase  and  consequently  the  amount  of  soluble 
elements  in  austenite  matrix  may  bo  smaller  in 
Nb-Ti  bearing  steels  than  Ti  bearing  steels.  On 
the  other  hand,  0.05%  V  addition  will  have  lit¬ 
tle  influence  on  the  solubility  of  precipitates 
since  V  is  scarcely  soluble  in  the  precipitates. 

The  solubility  of  precipitates  in  austenite 
of  Nb-Ti  and  V-Tl  bearing  steels  can  be  esti¬ 
mated,  by  using  an  iaeal  solution  model  for 
quartenary  precipitates.  The  model^’  assumed 
that  preclpilatos  was  stoichiometric  with  Ti  and 
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V  or  Nb  on  one  sublattice,  and  C  and  N  on  the 
other,  and  that  precipitation  species  had  com¬ 
plete  mutual  solubility.  The  enthalpy  of  mixing 
and  the  charge  configurational  entropy  of  the 
matrix  were  neglected.  The  model  can  estimate 
the  equilibrium  chemical  composition  and  frac¬ 
tion  of  precipitates  at  a  given  temperature. 

Figure  6  compares  the  analyzed  and  calcu¬ 
lated  values  of  Nb,  V  and  Ti  in  the  precipitates 
of  Nb-Ti  and  V-Ti  bearing  steels  solution 
treated  at  a  temperature  between  900  and  1250°C. 
The  chemical  analysis  of  Nb,  V  and  Ti  agrees 
with  the  prediction  based  on  the  complex  preci¬ 
pitates  model.  The  model  can  predict  both  the 
low  solubility  of  precipitates  in  Nb-Ti  steels 
and  the  low  V/(V+Ti)  ratio  of  precipitates  in  V- 
Ti  steels.  And  another  calculation  for  the 
precipitate  in  controlled  rolled  steels,  it  is 
suggested  that  the  cuboids  and  the  spheroids  may 
be  the  complex  nitrides  formed  in  the  soaking 
(1250°C)  before  hot  forging  and  the  complex 
carbides  formed  in  the  soaking  (1050'tH50)  be¬ 
fore  rolling. 


Calculated  weights  of  Nb,V  as  precipitates 


Calculated  weights  of  Ti  as  precipitates 

Fig.  6  (a)  Nb,  V  as  precipitates 

(b)  Ti  as  precipitates 
Comparisons  between  the  calculated  and 
analyzed  weights  of  microalloylng 
elements  as  precipitates  in  V-Ti  bearing 
(open  mark)  and  Nb-Ti  bearing  steels 
(solid  mark). 


Softening  kinetics  after  hot  deformation  of 
HSLA  steels  were  investigated  by  means  of  the 
interrupted  compression  testing**'. 

The  dependence  of  the  amount  of  softening 
taking  place  during  the  Interval  of  unloading  on 
the  time  of  unloading  is  shown  in  Fig.  7  for  the 
base  (Si-Mn)  and  0.11wt%  Ti  steels.  Figure  7 


n  %  Ti 


lO’’  10°  10'  10^  10°  '0‘ 

Holding  time  (  s  ) 


Fig.  7  Effect  of  holding  time  and  temperature 

on  isothermal  softening  after  hot  defor¬ 
mation  of  0.11wt%Ti. 

shows  that  retardation  of  softening  due  to  sta¬ 
tic  recovery  and  recrystallization  in  Ti  bearing 
steels  was  small  at  temperature  higher  than 
950°C,  while  retarding  of  softening  became  much 
more  significant  at  the  temperature  lower  chan 
950°C.  It  is  infered  that  the  marked  retarda¬ 
tion  at  the  lower  temperature  is  associated  with 
TiC  precipitation  in  austenite,  while  the  weaker 
retardation  at  the  higher  temperature  associated 
with  solute  drag  effect  of  Ti.  To  compare  re¬ 
tarding  effects  of  microalloys,  times  for  50% 
softening  (C^q)  were  estimated  from  softening 
curves  and  then  used  to  produce  Figs.  8. 

The  temperature  dependence  of  t jg  are  shown 
in  Figs.  8  (a),  tb)  and  (c)  for  the  Ti,  Nb  and 
Nb-Ti  bearing  steels  with  comparing  t jg  of  the 
base  steel  (Si-Hn).  In  the  case  of  Ti  bearing 
steels,  the  slopes  change  corresoponded  to  tem¬ 
peratures  of  approximately  950°C  (0.Hwt%  Ti) 

and  920°C  (0.06wt%  Ti).  In  the  case  of  Nb 
steel,  retardation  of  softening  at  high  tempera¬ 
tures  (>1050°C)  is  significant  and  the  tempera¬ 
ture  of  slope  change  (1030°C)  is  higher  than  the 
temperature  of  Ti  bearing  steels.  This  means 
that  the  dissolved  Nb  in  austenite  is  more  ef¬ 
fective  in  retarding  the  austenite  recrystalli¬ 
zation  than  the  dissolved  Ti,  and  that  the  addi¬ 
tion  of  Nb  in  more  effective  in  raising  the 
recrystallization  stop  temperature  (corresponded 
to  the  temperature  of  slope  change  in  Figs.  8®’) 
than  the  addition  of  Ti.  Addition  of  0.03%  Nb 
increased  the  temperature  of  slope  change  of  Ti 
bearing  steel  (1040°C)  and  gave  large  retarda¬ 
tion  in  high  temperature. 
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time  (s) 

Fig,  8  Effect  of  temperature  on  50%  softening 

time  (t5(j)  after  hot  deformation  for  (a) 
0.06  and  0.11wt%Ti,  (b)  0.04wt%Nb  and 
0 . 03wt%Nb-0 . 05wt%Ti  steels,  comparing 
tjQ  for  the  base  steel. 


As  mentioned  above,  the  marked  retardation 
of  softening  at  lower  temperature  of  microal- 
loyed  steels  is  associated  with  the  formation  of 
strain  induced  micro-precipitation,  therefore 
the  temperature  of  slope  change  depends  on  kine¬ 
tics  of  the  precipitation  in  austenite.  The 
higher  temperature  of  slope  change  in  Nb  bearing 
steels  results  from  higher  temperature  precipi¬ 
tation  of  Nb  (C,  N),  since  Nb  (C,  N)  is  more 
stable  than  TiC  in  austenite^’.  For  Nb-Ti 
steels,  the  addition  of  Nb  increases  the  stabi¬ 
lity  of  Ti  carbonltrides  through  the  formation 
of  Nb-Ti  complex  precipitates.  Therefore,  the 
temperature  of  slope  change  of  Nb-Ti  bearing 
steels  is  higher  than  the  temperature  of  Ti  or 
Nb  steels. 

III-3  Mechanical  properties  of  Ti  bearing  steels 

As  discussed  in  Ill-l  and  III-2,  addition 
of  Nb  decreases  the  solubility  of  carbonitride 
precipitates  and  retards  the  softening  due  to 
static  recovery  and  recrystallization  after  hot 
deformation  of  Ti  bearing  steels,  while  addition 
of  V  has  little  effect  of  changing  the  solubili¬ 
ty  of  precipitates.  In  this  part,  we  will  show 
Che  effect  of  Nb  and  V  on  the  mechanical  proper¬ 
ties  of  Ti  bearing  steels. 

Figure  9  shows  the  variation  of  tensile 
strength  with  Ti  content  in  the  three  types  of 
steels  reheated  at  a  temperature  between  1050°C 
and  1200°C.  The  tensile  strength  increases  with 
increasing  Ti  content  and  reheating  temperature. 
The  results  of  steels  reheated  1150  of  above 
indicate  an  increase  of  tensile  strength  about 
20kg/mm^  by  0.1wt%  Ti  addition.  This  increment 
of  strength  due  to  Ti  addition  arised  from  the 
precipitation  strengthening  of  Ti  carbonitrides 
precipitated  in  ferrite  matrix  during  cooling. 
Addition  of  0.05wc%  V  always  increases  the 
strength  of  Ti  bearing  steels.  However  addition 
0.03wt%  Nb  decreased  the  strength  of  Ti  steels 
when  the  steels  of  higher  Ti  contents  were  re¬ 
heated  at  a  lower  temperature  (<H00°C).  Since 
all  steels  are  similar  in  the  ferrite  grain  size 
and  in  the  fraction  and  the  lamella  spacing  of 
pearlite,  the  decrease  in  tensile  strength  of 
Nb-Ti  steels  may  be  due  to  poor  precipitation 


Fig.  9  The  effect  of  Ti  content  on  tensile  strength  of  Ti,  0.03wt%Nb-Ti  and  0.5wt%V-Ti  bearing 
controlled  rolled  steels,  for  reheating  temperatures  between  1050  and  1200“C. 
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strengthening  in  ferrite  matrix.  The  poor  pre¬ 
cipitation  strengthening  would  result  from  de¬ 
crease  in  amount  of  solute  elements  during  re¬ 
heating  because  of  formation  of  complex  precipi¬ 
tates.  Therefore  the  tensile  strength  of  Ti 
bearing  steels  can  be  predicted  in  terms  of  the 
solubility  of  complex  precipitates;  the  rela¬ 
tionship  between  the  tensile  strength  and  the 
calculated  amount  of  elements  soluble  during  the 
soakijng  was  summarized  in  Fig.  10.  This  shows 
that  the  tensile  strength  of  all  three  Ti  bear¬ 
ing  steels  can  be  predicted  by  the  amount  solu¬ 
ble  elements  calculated  by  the  model.  Thus,  the 


Calculated  anrKXjnt  of  soluble  elements 
Ti  ♦  Nb  ♦  V/2  (wt  %  ) 

Fig.  10  A  comparison  between  the  tensile 

strength  of  Nb-Ti  bearing  controlled 
rolled  steels  and  the  calculated  amount 
of  microalloying  elements  in  solution 
during  reheating. 

formation  of  complex  precipitates  should  be 
taken  into  consideration  in  the  design  of  chemi¬ 
cal  composition  and  reheating  condition  espe¬ 
cially  in  the  case  of  Nb-Ti  bearing  steels, 
since  addition  of  Nb  may  decrease  the  solubility 
of  carbonitrides  in  austenite  during  reheating. 

Figure  11  shows  the  effect  of  total  reduc¬ 
tion  below  950°C  during  controlled  rolling  re¬ 
heated  at  1200°C  on  Charpy  50*  FATT  of  Ti,  V-Ti 
and  Nb-Ti  bearing  steels.  For  Ti  bearing  steel, 
smaller  reduction  than  67%  was  little  effective 
in  increasing  the  toughness  of  plates,  and  75% 
reduction  at  least  was  necessary  to  give  a  good 
toughness  to  the  steels.  Such  poor  toughness  of 
Ti  bearing  steels  is  thought  to  be  associated 
with  lower  recrystallization  stop  temperature  of 
the  steels.  Since  the  rccrystallization  stop 
temperature  in  Ti  bearing  steel  is  lower  than 
Che  temperature  in  Nb  bearing  steel,  the  total 
reduction  below  950°C  in  Ti  bearing  steels  may 
bo  higher  than  the  reduction  in  Nb  bearing 
steels  in  order  to  make  austenite  grain  pan¬ 
caked.  Addition  of  0.02wt%  Nb  Increased  the 
toughness  of  Ti  bearing  steel  with  small  reduc- 


Equivalent  taie  strain 


Total  reduction  below  950“C  (%) 

Fig.  11  Effect  of  total  reduction  below  950°C 
on  Charpy  50%  FATT  of  Ti ,  V-Ti  and  Nb- 
Ti  bearing  controlled  rolled  steels. 

tion  (<75%),  while  the  addition  of  0.05wt%  V  was 
little  effective  in  improving  the  toughness. 

The  addition  of  Nb  in  Ti  bearing  steels  will 
increase  the  driving  force  of  strain  induced 
carbonitride  precipitation  since  it  makes  the 
precipitates  stable  through  the  formation  of  the 
complex  precipitates.  Therefore,  the  addition 
of  Nb  raised  the  recrystallization  stop  tempera¬ 
ture  of  Ti  steels,  so  that  it  increased  the 
toughness  of  the  controlled  rolled  steels  with 
small  total  reduction  below  950°C.  On  the  other 
hand,  the  addition  of  V  was  little  effective  in 
decreasing  the  solubility  of  the  precipitates  in 
Ti  steels,  so  it  is  expected  that  V  in  Ti  steels 
is  little  effective  in  raising  the  recrystalli¬ 
zation  stop  temperature  of  the  steels. 

IV.  Conclusions 

The  changes  in  both  mechanical  properties 
and  recryslal 1 i zat ion  of  austenite  with  addition 
of  Nb  and  V  were  investigated  for  Ti  bearing 
steels,  comparing  the  characteristics  of  preci¬ 
pitates  in  the  steels. 

1)  Addition  of  0.03wt%  Nb  decreased  the  tensile 
strength  of  Ti  bearing  controlled  rolled 
steels  if  these  steels  were  reheated  to  a  low 
temperature  C<1100°C)  prior  to  rolling,  while 
addition  G.05wt%  V  had  no  significant  effect. 

2)  To  obtai.i  good  toughness,  higher  total 
reduction  below  950°C  is  necessary  for  Ti 
bearing  steels  than  the  reduction  for  Nb 
bearing  steel,  since  the  recrystallization 
slop  temperature  of  Ti  bearing  steels  is 
lower  than  the  temperature  of  Nb  bearing 
steels.  However  small  amount  of  Nb  addition 
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improved  the  toughness  of  T1  steels  signifi¬ 
cantly,  since  the  addition  of  Nb  raised  the 
recrystallization  stop  temperature  of  Ti 
steels. 

3)  The  complex  precipitates  (which  contain  more 
than  one  metallic  elements)  was  identified 
both  in  the  V-Ti  and  Nb-Ti  steels  with  elec¬ 
tron  diffraction  and  micro  chemical  analysis. 
However,  there  is  a  considerable  difference  in 
the  solubility  of  elements  in  complex  precipi¬ 
tates  between  these  steels.  The  precipitates 
in  Nb-Ti  steels  contain  a  significant  amount 
of  Nb  (Nb/(Nb+Ti)  =  0.1'^0.3  in  atomic  frac¬ 
tion),  while  V  fraction  in  V-Ti  steels  was 
relative  lower  (V/(V+T1) <  0. 1 ) .  And  the  com- 
pllex  precipitates  in  Nb-Ti  steels  was  stabler 
than  in  V-Ti  steels. 

4)  The  changes  in  both  composition  and  amounts 
of  complex  precipitates  can  be  predicted  in 
these  steels  by  an  ideal  solution  model  for 
quarternally  precipitates.  This  model  distin¬ 
guishes  the  differences  in  formation  of  com¬ 
plex  precipitates  between  Nb-Ti  and  V-Ti  bear¬ 
ing  steels.  And  the  model  is  applicable  to 
estimation  of  precipitation  strengthening  for 
the  steels. 

References 

1)  J.  Strid  and  K.E.  Eastering:  Acta  Met.,  33 
(1985),  2057 

2)  D.H.  Houghton,  G.C.  Weatherly  and  t.P. 

Embury:  Thermoraechanical  Processing  of 
Microalloyed  Austenite,  ed.  by  A.J.  DeArdo, 
G.A.  Ratz  and  O.J.  Wray,  Met,  Soc .  AIME, 

New  York,  (  1982  ),  267. 

3)  B.  Loberg,  A.  Nordgren,  J.  Strid  and  K.E. 
Eastering:  Mel.  Trans.,  15A  (1984),  33. 

4)  P.A.P.  Djaic  and  J.J.  Jonas:  JlSi,  210 
(1972),  256. 

5)  S.  Okaguchi  and  T.  Hashimoto:  Trans.  ISIJ,  27 
(1987),  467. 

6)  1.  Weiss  and  J.J.  Jonas:  Met.  Trans.,  lOA 
(1979),  831. 

7)  B.  Aronsson:  "Steel  Strength  Mechanism", 
Climax  Molybdenum  Company  Symposium,  p.77, 
Eilert  Printing  Co.  Inc.,  Zurich,  1969. 


/ 

557 


J  L 


STRUCTURAL  PREDICTION  OF 
MECHANICAL  PROPERTIES 
OF  HSLA  STEELS 


Ludovit  Parilak,  Milan  Slesar,  Blazej  Stefan 

Slovenska  Akademia  Vied  Ustav  Experimentalnej  Metalurgie 
Solovjevova.  Czechoslovakia 


OUR  PHYSICO-METALLURGICAL  approach  was 
baaed  on  the  logical  relationships  r^re- 
sented  by  the  bonding  triangle.  Its  ver¬ 
tices  are;  structure-prop erties-techno- 
logy.  The  study  of  direct  relationships 
between  technology  and  properties  gives 
no  clue  concerning  tne  physical  aspects 
of  these  relationships.  In  our  opinion 
attention  should  be  directed  primarily 
to  the  technology-structure  and  structu¬ 
re-properties  relations;  the  knowledge 
of  these  la  indispensable  for  proposing 
structural  and  chemical  conception  of 
HSLA  steels  which  would  be  able  to  des¬ 
cribe  the  whole  complex  of  required  pro¬ 
perties  and  to  propose  technological  pa¬ 
rameters  for  obtaining  suitable  structu¬ 
re. 

The  presented  paper  deals  with  the 
analysis  of  the  structural  basis  of  certain 
mechanical  properties  of  HSLA  steels, na¬ 
mely  yield  strength  Re,  transition  tem¬ 
perature  and  strain  hardening  exponent  n. 
Attention  was  devoted  chiefly  to  quanti¬ 
tative  description  of  the  influence  of 
precipitation  state  on  these  properties 
taking  into  account  the  grain  and  sub¬ 
grain  sizes  and  manganese  content, too. 

We  will  discuss  some  derived  properties, 
such  as  tensile  strength  ^  and  actual 
fracture  stress  Rpr*  Statistical  regres¬ 
sion  analyses  are  used  together  with  phy¬ 
sical  principles  in  order  to  obtain  sim¬ 
plified  and  practically  usable  relation¬ 
ships  between  structure  and  properties. 

Decisive  for  obtaining  of  such  re¬ 
lations  is  the  knowledge  and  determina¬ 
tion  of  the  basic  microstructure  peirarae- 
ters.  Because  no  unified  approach  to  the¬ 
se  questions  exist  yet,  we  shall  brief¬ 
ly  discuss  some  methodlced  aspects. 

CHARACTERISTICS  OP  STRUCTURAL 
PARAMETERS 

HSLA  steels  exist  in  three  basic 


modifications,  namely: 

a) polygonal,  as  a  rule  f erritic-pearli- 
tic  with  reduced  pearlite  content,  or 
ferritic; 

b) non-polyhedral  structures  of  the  aci- 
cular  pearlite,  bainite,  martensite  or 
mixed  type.  This  group  comprises  also 
quenched  and  tempered  steels; 

c) mixed  structures  of  polygonal  grains; 
e.g.  dual  phase  steels. 

Grain  size  -  it  is  the  basic  struc¬ 
tural  parameter.  In  polygonal  structures 
the  determination  of  its  quantity  is 
usually  a  routine,  especially  when  the 
structure  is  regular. 

After  controlled  rolling,  heteroge¬ 
nous  grains  in  the  cross-section  tend  to 
appear.  In  this  case  it  is  necessary  to 
find  a  suitable  veilue  of  representative 
grain  size,  especially  in  relation  to 
sample  size  and  its  position  in  the  vo¬ 
lume  of  material.  Another  sources  of 
grain  size  heterogeneity  in  HSLA  steels 
ere  wrong  parameters  of  controlled  roll¬ 
ing  and  cooling,  i.e.  austenite  recrystal¬ 
lization  is  not  completed  before  finish 
rolling  starts.  Grain  size  heterogeneity 
could  effect  also  the  transition 
temperature.  If  average  grain  size  is 
used  only,  it  is  necessary  to  consider 
another  factors  which  could  introduce  iro- 
precission.  The  microstructure  is  often 
morphologically  anisotropic,  the  grains 
are  nonequiaxed  suid  banded  pearlite  is 
also  frequent. 

In  nonpolygonal  structures  the  de¬ 
termination  of  grain  size  is  considerab¬ 
ly  more  difficult,  because  both,  origi¬ 
nal  grains  and  block  boundaries  are  high 
angle  boundaries.  In  our  opinion,  grain 
size  is  best  determined  fractographlcalLy 
by  evaluating  the  size  of  cleavage  facets 
on  brittle  fractured  surfaces  at  -196 
Pig.  1.  The  method  is  based  on  a  pro¬ 
mise  that  high  angle  boundaries  control 
facets  formation  and  their  size.  This 


Pig. 1  -  Practographic  evaluation  of  mean 
cleavage  facet  size,  dp 

hypothesis  mas  verified  on  polygonal 
structures  with  various  values  of  grain 
size,  d.  Obtained  relation  was  linear. 
Pig.  2,  ; 

dp  =  2.1  +  0.5  d  (1) 


Pig.  2  -  Relation  between  cleavage  facet 
size  dp  and  metallographic  grain  size  d 

One  of  the  reasons  for  such  a  relation¬ 
ship  is  the  dimensional  factor.  In  case 
of  coarse  grains  the  fracture  propagaUcn 
is  realized  by  bridging  of  cracks  in 
neighbouring  grains  by  cleavage  -  frag¬ 
mentation  occurs,  Pig.  3b.  In  fine-grain^ 
ed  structures  the  bridging  in  adjacent 
grains  may  be  attained  by  plastic  defor¬ 
mation  -  shearing.  Fig.  3a.  Quantitative 
fractographlc  analysis  Implies  the  detail¬ 
ed  knowledge  of  fracture  process  mlcro- 
mechanlsms  and  needs  experience.  Otherwi¬ 
se,  there  Is  the  risk  of  errors  caused 
by  subjective  factors.  Our  experiences 


show  that  the  method  is  suitable  for  a 
wide  scale  of  nonpolygonal  and  mixed  mic¬ 
ro  structures. 


Pig. 3  -  a)Pormation  of  a  plastic  step  by 
bridge  plastif ication  in  fine-grained  ma¬ 
terial,  b)  Crack  bridging  by  secondary 
cleavage  cracks  in  coarse-grained  materkl 

Subgrain  -  Nonpolygonal  structures 
are  ch£u?acterized  by  well  developed  sub¬ 
grain  structure.  The  individual  subgratos 
are  mostly  laths,  or  discs  (bainite,  mar¬ 
tensite),  oval  or  irregular  shaped  (aci- 
cular  ferrite,  annealed  structures).  The 
views  concerning  measurements  of  the  cha¬ 
racteristic  subgrain  dimensions  are  dif¬ 
ferent  /I, 2/.  The  evaluation  of  mean  lath 
thickness  dj^  on  thin  foils  perpendicular¬ 
ly  to  the  lath  length  we  have  found  sui¬ 
table  for  this  purpose.  Pig.  4.  The  effec¬ 
tive  mean  lath  size  is  larger  than  the 
mean  thickness  measured  in  this  way;  how¬ 
ever,  this  disproportion  cem  be  adequate¬ 
ly  considered  in  regression  constants  for 
the  strengthening  calculations. 

In  mixed  structures  it  is  possible 
to  determine  mlcrostructural  parameters 
and  the  fraction  of  present  phases  using 
the  well-known  methods  of  statistical 
stereology. 

Precipitation  parameters  -  their 
measurement  and  definition  presents  cer¬ 
tain  problems.  If  we  adopt  Orowan’s  ideas 
of  the  inteiactlon  between  dislocations 
and  particles  of  secondeury  phases  in  the 
sliding  plane,  it  is  necessary  to  evalua¬ 
te  the  mean  planar  interpeurticle  distance 
X  in  the  sliding  plane.  In  our  opinion, 
the  most  suitable  method  for  measuring 
of  those  parameters  is  the  determination 
of  the  number  of  precipitated  particles 
in  the  unit  area  of  the  replica,  N,  and 
the  mean  size  2r  of  extracted  particles. 
Then  A  “  h  .  N-1/2  (2) 
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Fig.  4  -  a) Lath  size  e-valuation  in  the 
microstructure  of  upper  bainite. 

b)  Homogeneous  distribution  of 
Ti/C,N/  particles  in  Ti-steel. 


where  the  constant  k  depends  in  the  type 
of  particle  ordering  and  its  value  la 
close  to  1.  Such  a  definition  of  mean  in- 
terparticle  diateince  is  connected  with 
certain  atereological  problems.  However, 
the  method  does  yield  reproducible  re¬ 
sults,  especially  for  uniformly  distri¬ 
buted  equiaxed  carbidio  and  carbonitri- 
dlc  precipitates.  Fig.  4b.  Example  on 
Pig,  5  documents  the  fact  that  the  va¬ 
lues  of  A  are  reproducible  not  only  if 
the  metallographic  sample  is  etched  cor¬ 
rectly  (region  C)  but  even  when  the  etch¬ 
ing  is  slightly  overdone  (area  D)  or  in¬ 
sufficient  (area  B).  The  value  of  the 
mean  peu^ticle  size  2r  is  less  sensitive 
to  the  etching  time.  For  nonequlaxed  ire- 
cipitates  or  clusters  this  procedure nxust 
be  modified.  The  methods  for  determining 
X  based  on  calculations  using  the  vokxae 
fraction  of  the  particles  are,  in  our 
opinion,  less  exact. 

THE  BASIC  MODELS  FOR  HARDENING 
AND  EMBRITTLIWENT 

YIELD  STRENGTH  -  In  this  field  we 
start  at  well-known  investigations  of 
Gladman  /3/,  Pickering  /4/,  Prnka  /5/ 
and  others  culminating  in  the  middle  of 
seventies. 

The  yield  strength  of  alloys  gains 
a  value  which  depends  on  various  contri¬ 
butions,  among  which  we  can  coiuit:  RpN- 
the  contribution  of  the  latlce  friction 
stress,  Rin ~  the  interstitial  hardening 
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Pig.  5  -Influence  of  etching  time  on  the 
measured  size  of  Zr  particles  and  on  the 
mean  interparticle  distance 


from  solute  atoms,  Rd  -  dislocation  har¬ 
dening,  Rq-  contribution  of  the  grain  aL- 
ze  and  suograin  size  R3Q,resp.,  Rpp  - 
pearlitic  strengthening,  Rs~  substitu¬ 
tional  hardening,  Rp  -  precipitation  har¬ 
dening.  For  their  quantification  the  fol¬ 
lowing  equations  are  frequently  used  / 

1  -  7/: 

RIH  =  k(%C+N),  Rd  =  2Gbq^/^  , 

Rq  “  Ry**^  RpR  =L^PR*^PR» 

%G  “ 

Rpjr  represents  the  temperature  dependent 
component  of  yield  strength,  at  20  °C 
reaches  a  value  of  40  MPa.  In  equations 
(3)  %C+N  corresponds  with  free  carbon 
and  nitrogen  concentrations,  ^  is  the 
dislocation  density,  d  and  dsn  sure  the 
grain  and  subgrain  sizes,  resp. ,  x^^  is 
the  concentration  of  i-th  substituTional- 
ly  dissolved  element  in  the  solid  solu¬ 
tion.  The  constants  k,  k^,  ksQi 
press  the  intensity  of  influence  The  men¬ 
tioned  parameters  on  the  individual 
strengthening  contributions  and  they  ha¬ 
ve  a  physical  nature.  However,  their  es¬ 
timations  are  subjected  to  considerable 
scattering  /8/  be-tween  following  limits: 
ky- 13-24  Nmm-3/2^  ksG=0,03-0. 14  Nmm"\ 
kpR*2-3  MPa/%,  ki  for  manganese  kMn*33- 
1OO  MPa/%,  for  silicium  ko.»34-l64  MPa/% 
This  has  sin  influence  on  accuracy  and  re¬ 
liability  of  estimation  of  Individual 
contributions. 

Quantifying  the  Rp  contribution  we 
encounter  analytical  relations  based  on 
the  strict  model  approach  of  particle- 
dislocation  interactions  (Orowan,  Orowan 
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-Ashby,  Ansell-Lenel  et  al.)  as  well  as 
with  analyses  of  empirical  nature  (Edmon^. 
The  consequent  model  approach  is  subject¬ 
ed  to  inaccuracy  in  that  it  prefers  one 
of  the  interaction  mechanisms  of  partic¬ 
les  with  moving  dislocations.  However, it 
is  evident  that  in  a  real  material  we  ha¬ 
ve  a  statistically  reuidom  type  of  inter¬ 
action  which  is  based  on  statistically 
random  distribution  of  particles,  their 
size,  shape  and  properties.  The  empirical 
approach  consider  the  precipitate-dislo¬ 
cation  Interaction  in  integral  manner, 
but  its  quantification  usually  depends 
on  the  estimation  of  the  other  contribu- 
*'■  ''TIB  to  the  yield  strength.  In  most  ca¬ 
ses  this  relationship  has  no  physical  na¬ 
ture.  In  general,  the  precipitation  har¬ 
dening  is  the  more  intensive  the  more  de¬ 
creases  the  interparticle  distance,  in¬ 
creases  the  volume  fraction  of  particles 
and  the  finer  size  of  precipitated  par¬ 
ticles  are  present  by  the  constant  volu¬ 
me  fraction  of  these.  We  recommend  the 
use  of  the  equation: 

Rp  »  kp  .  f(PP)  (4) 

where  f(PP)  is  a  function  dependent  on 
precipitation  parameters  and  kp  expres¬ 
ses  the  intensity  of  precipitation 
strengthening;  both  quantities  respect 
a  statistically  average  state  of  preci¬ 
pitate-dislocation  interaction.  The  fun¬ 
ction  f(PP)  should  be  analytically  as 
simple  as  possible  and  must  have  a  phy¬ 
sical  nature. 

The  dislocation  hardening  should  be 
considered  only  for  work  hardened  steeils. 
After  rolling  or  amealing  the  strengthen¬ 
ing  values  calculated  from  dislocation 
density  and  from  grain  size  are  approxi¬ 
mately  equal  as  we  have  shown  in  /9/. 

That  is  why  we  hold  both  above  mentioned 
strengthening  contributions  for  inter¬ 
changeable. 

In  our  analyses  we  have  accepted 
the  principle  of  additivity  of  individual 
contributions  to  the  yield  strength  in  a 
form; 

^e  ■  ®ph"*’%I('*'^G'’'^SG'’’^S'''^PR''’^P 
From  published  dates  and  our  own  analyses 
follows  that  these  contributions  may  be 
quantitatively  divided  according  the  cha¬ 
racter  of  their  contribution  to  brittle 
fracture  resistance.  From  this  point  of 
view  the  equation  (5)  may  be  written  as: 
Re  « 

Increasing  the  contribution  of  the  grain 
size  Rg,  Improves  the  transition  tempe¬ 
rature,  too.  Substitutional  hardening  of 
Mn  6uid  subgrain  contribution  have  no  sig¬ 
nificant  Influence  on  transit  temperatu¬ 
re  and  A  R  -  the  embrittling  component , 
which  comprises  all  contributions  with 
an  embrittling  effect.  In  HSLA  steels  iiR 
la  predominantly  Influenced  by  precipi¬ 


tation  strengthening. 

TRANSITION  TEMPERATURE  -  The  basis 
for  investigation  of  the  relationship 
between  the  microstructure  and  the  tran¬ 
sition  temperature  is  given  by  the  ori¬ 
ginal  Petch*8  equation  /9/,  based  on  the 
equality  of  yield  strength  and  fracture 
strength  Rp^  at  transition  temperature 


Tk: 


'PR 


®0Pr 


-1/2 


(7) 


The  micros true tural  parameters  and  the 
chemical  composition  have  different  in¬ 
tensity  of  influence  on  the  friction 
stress  value  RnPr'  ^  general  in¬ 
fluences  each  oxner.  Therefore  the  ex¬ 
pression  of  structural  nature  of  transi¬ 
tion  temperature  for  HSLA  steels  is  dif¬ 
ficult.  In  /^0/  we  analysed  this  problem 
and  proposed  the  following  equation: 

135=  A-B.ln 


A  +  ATq  ^  ATj 
where  A  =  B.ln  X 


(8) 


X  =  K.  (4G  /q/JCy  -  kf)""' 

The  value  of  the  constant  A  which  repre¬ 
sents  the  thershold  value  of  brittleness 
must  be  determined  experimentally  because 
the  value  of  q  is  unknown  and  the  tran¬ 
sition  temperature  is  calculated  at  im¬ 
pact  energy  of  35  J.cm"^ 
stant  B  reflects  the  temperature-depen¬ 
dent  character  of  the  yield  strength. 
Constant  r.  represents  the  intensity  of 
influence  Of  i-th  structural  parameter 
y^  on  the  transition  temperature  shift. 
In  term  ri-f(yi)  =  AT^  we  consider 
the  transition  temperature  shifts  from: 
precipitates  ATp,  silicon  ATsi  ,  pearli- 
teATpR  and  the  intersticies  ATjjj.  This 
contribution  to  the  transition  tempera¬ 
ture  shift  may  be  expressed  not  only  di¬ 
rectly  through  structure  parameters,  but 
also  indirectly  through  the  correspond¬ 
ing  heu?dening  distributions, Ri,  from  pre¬ 
cipitation,  pearlite,  silicon  and  inter¬ 
stices  in  form  of  ATj_a  Si.R^.  It  seems 
that  the  differences  between  the  inten¬ 
sity  of  influence  of  the  various  harden¬ 
ing  contributions  on  transition  tem¬ 
perature  are  slignt.  In  addition  to  it, 
in  HSLA  steels  the  influence  of  precipi¬ 
tation  is  dominant.  This  permits  us  to 
simplify  the  equation  (8)  for  transition 
temperature  into  form:  .,5 

T33  »  A  -  B  .In  d"''%  C.  AR  (9) 

Together  with  (6),  this  equation  is  a 
starting  point  for  further  analysis. 


MATERIALS  AND  EXPERIMENTS 


Our  program  included  a  relatively 
wide  range  of  carbon  micro-alloyed  emd 
low-alloyed  steels  manufactured  in  oxy¬ 
gen  convertors  and  rolled  on  hot  wide 
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strip  rolling  mills.  The  following  steel 
types  predominated: 

a;  Al-stabilized  carbon  steels  with  C 
content  0.06-0,18  %  and  0,6- 1.2  %  Mn 
-  designated  as  C-Mn  steels; 

b)  Ti-raicroalloyed  steels  with  0,05-0,14 
%  Ti,  0.05-0,10  %  C  and  about  0,6  % 

Mn  -  designed  as  Ti-steels; 

c)  Steels  microalloyed  with  V  up  to  0.08 
?o,  with  Nb  to  0,05  or  with  combina¬ 
tion  of  these,  in  some  cases  with  ad¬ 
dition  of  Zr  up  to  0.06  %,  with  0,09 
to  0,13  %  C  and  1.0  -  1.5  %  Mn  -  de¬ 
signed  as  V,  Nb,  V-Nb-Zr  steels; 

d)  Low  alloyed  steels  with  about  0,3  % 
Mo,  0,09-0.13  %  C  and  1,5-2  %  Mn, micro- 
alloyed  with  Nb,  Ti,  Zr  individually, 
or  in  combination. 

Steels  were  investigated  after  controlled 
rolling  or  thermal  treatment.  In  additjoi 
to  normalizing  this  comprises  various  t3P- 
pes  of  annealing (from  700  to  1250  °C) 
with  various  cooling  rates.  The  goal  of 
this  treatment  was  to  form  a  wide  spect¬ 
rum  of  grain  sizes  and  precipitation  ha^ 
dening.  For  the  modelling  of  nonpolyhed- 
ral  microstructi^es  we  used  heating-up 
on  900  to  1250  °C,  quenching  using  va¬ 
rious  brines  and  tempering  up  to  700  °C, 
This  permitted  ua  to  obtain  a  wide  varie¬ 
ty  of  austenite  grain  sizes,  blocks  and 
subgrain  sizes  and  values  of  precipita¬ 
tion  hardening. 

In  all  materials  and  miorostructu- 
ral  states  we  determined  the  type  of  mio- 
rostructure,  the  volume  fractions  of  po¬ 
lygonal  ferrite,  acicular  ferrite,  upper 
and  lower  bainite  or  martensite.  In  all 
states  the  mean  grain  size  was  determin¬ 
ed  metallographically  or  (in  nonpolyhed- 
ral  structures)  fractographically.  Non- 
polyhedral  and  mixed  structures  were  de¬ 
fined  by  subgrain  size  determined  on  thin 
foils.  In  selected  states  the  precipita¬ 
tion  parameters  ^  and  2r  were  measured 
on  carbon  extraction  replicas,  by  statis¬ 
tical  methods. 

In  static  tensile  test  in  addition 


to  basic  mechanical  characteristics,  the 
heirdening  exponent  n  and  the  constant  k 
were  determined,  these  follow  from  the 
equation:  _ 

R  =  k  .  (10) 

where  R  is  the  actual  flow  stress  ^nd 
the  intensity  of  deformation.  The  actual 
fracture  stress  Rp^  was  also  determined. 
The  impact  bending^test  was  performed  on 
samples  with  Charpy  notch,  at  wide  reuige 
of  temperatures.  Mechanical  properties 
and  notch  toughness  values  were  measur¬ 
ed  longitudinal  to  the  rolling  direction. 

The  following  analyses  include  re¬ 
sults  from  more  thtin  250  microstructural 


states. 


ANALYSES 

YIELD  STRENGTH  AND  PRECIPITATION 
HARDENING  -  Pig,  6  Illustrates  the  depen¬ 
dence  of  yield  strength  for  Ti-steels  on 
the  orecioitation  parameter  X  .  Material 
was  heat  treated  in  order  to  obtain  two 
different  grain  sizes,  45.0  and  4.8  jum 
and  different  precipitation  states,  ^en 
in  such  a  simple  experimental  set  can  be 
seen  a  consteint  shift  of  yield  strength 
for  various  values  of  A  which  can  be  an 
evidence  for  additivity  of  grain  size  and 
precipitation  hardening  contributions. 
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Fig.  6  -  Influence  of  the  precipitation 
parameter  A  on  the  Rg  values  for  diffe¬ 
rent  grain  sizes,  d 

A  set  of  28  polygonal  microstructu¬ 
ral  states  of  Ti-,  Nb-V-,  V-Nb-Zr-  and 
Mn-Mo-Nb-steels,  characterized  by  diffe¬ 
rent  grain  sizes  sind  different  values  of 
precipitation  hardening,  was  obtained  and 
used  to  determine  the  values  of  the  mean 
interparticle  distance  A  and  mean  peo'tic- 
le  diameter  2r,  Using  regression  analyses 
and  iteration  methods,  the  following  mo¬ 
del  for  solution  of  yield  strength  was 
US  od  s 

Re  33.%Si  H-  3,%m+ 

+  kp^.f^(PP)  (11) 

that  means,  we  look  for  optimal  combina¬ 
tions  of  constants  and  an  optimal  functlai 
form  for  fi(PP),  The  following  possibili¬ 
ties  were  .considered  in  detail: 
{A-2r)"V2,  (A-2r)-\lnr 

and  A"®  with  an  optimallzation  of  expo¬ 
nent  m.  The.best  fit  was  obtained  for 
fi(PP)  *  A""^.  Other  functions  either  don*t 
yield  satisfactory  correlation  or  necessi¬ 
tated  replacing  the  Peierls-Nabarro  sIzeBB 
(Rpij)  by  a  negative  threshold  hardening 
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Pig»  7  -  Dependence  of  precipitation  har¬ 
dening  contribution  on  parameter 


value.  The  analysis  yielded  an  ontlraum 
value  for  ky  and  kjj  of  15 
50  MPa  %,  reap.  Pig.  7  shows  the  optimiz¬ 
ed  relation  Rp+RpN  vs.  It  can  be 

seen  that  the  correlation  is  very  satis¬ 
factory  and  a  realistic  value  of  Rpw  ® 

38  MPa  was  reached.  The  constant  kps76.8 
.10”8  N  for  A  measured  in  /mm/. 

The  results  show  that  the  precipita¬ 
tion  hardening  is  indirectly  proportional 
to  the  slip  surface  dimension  correspond¬ 
ing  to  one  peirticle  of  precipitate. 

TRANSITION  TEMPERATURE  AND  PRECIPI¬ 
TATION  STRENGTHENING  -  In  a  similar  sche¬ 
me  as  for  yield  strength  cuialysis.  Fig. 8 
shows  the  influence  of  precipitation  on 
transition  temperature  for  Ti-steel  with 
two  different  grain  sizes.  Also  in  this 
case  one  can  see  that  shifts  influenced 
by  grain  size  are  equidistant;  this  sup¬ 
ports  the  validity  of  the  proposed  model. 
Iterative  methods  were  applied  by  the  so¬ 
lution  of  equation: 

d"^'%2.2.%Pe  +8.3  .%Si+ 
+kJ.f.(PP)  (12) 

Here  also  The  best  suited  function 
f j (PP)  was  A “2.  The  optimum  value  for 
B^is  110  OC  which  agrees  with  published 
results.  The  optimum  value  for  A  is  147 
kn“  42.0.10“°  N  for  d  in  /mm/. 

Fig.  9  shows  the  dependence  of  pre¬ 
cipitation  embrittlement,  i.e.  the  shift 
of  transition  temperature  caused  by  pre¬ 
cipitation,  in  dependence  on  A "2.  The 
relatively  good  correlation  indicates 


Pig. 8  -  Influence  of  precipitation  para¬ 
meter  A  on  T^c  for  two  different  values 
of  grain  size,  d 


Pig.  9  -  The  dependence  of  precipitation 
embrittlement  ATp  on  X~^ 

that  precipitation  embrittlement  is  in¬ 
versely  proportional  to  the  square  of 
mean  planar  interparticle  distance. 

RELATIONS  BETWEEN  HARDENING  AND  EM¬ 
BRITTLEMENT  -  At  constant  grain  size  the 
dependence  of  transition  temperature  vs. 
yield  strength  is  approximately  linear. 
Pig. 10.  The  change  of  grain  size  has  a 
strong  influence  on  the  position  of  cur¬ 
ves  without  appreciable  change  of  their 
slope.  This  is  an  indication  of  the  va- 
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lidity  of  model  (9).  The  general  aoliSion 
was  based  on  regression  analyses  supple¬ 
mented  by  iterative  methods.  The  goal  was 
to  test  the  validity  of  the  model  and  to 
optimize  the  constants  ky,  ^Mh* 
the  course  of  testing,  various  other  al¬ 
ternatives  beyond  equations  (6)  and  (9) 
were  analyzed,  such  as  including  the  em¬ 
brittling  effect  of  the  aubgrain  and  rasc- 
ganese,  unification  of  the  hardening  ef¬ 
fect  of  the  grain  and  subgrain, etc.  Va¬ 
rious  physical  quantities  were  analyzed, 
such  as  X  kf  (8)  and  the  relation  k^  a 
1.92(G.  >  which  agrees  with  /li,12/, 

derived.'  The  results  show  that  the  mode^ 
of  (6)  and  (9)  are  well  suited  to  the  da¬ 
ta,  In  polygonal  structures  it  is  possib¬ 
le  to  admit  a  slight  direct  positive  ef¬ 
fect  of  Mn  on  the  transition  temperature 
as  proposed  e.g.  by  Pickering  /4/.  The 
results,  especially  for  polygonal  micro- 
structures,  indicate  that  the  interde¬ 
pendence  between  the  embrittlement  har¬ 
dening  AR  and  the  corresponding  embrit¬ 
tlement  may  be  nonlinear  with  damping  of 
embrittlement  above  the  embrittlement 
hardening  limit  of  250-300  MPa.  The  im¬ 
provement  due  to  the  introduction  of  aan- 
linear  Interdependence  is  relatively 
small.  This  will  be  the  subject  of  furth¬ 
er  studies. 

The  character  of  our  analyses  is 
exemplyfied  by  Pig.  11  which  shows  the 
dependence  between  .embrittlement  harden¬ 
ing  (  A  R=Ro-ky.d“^'''^-kiiin.$6Mn)  and  the 
corresponding  embrittlement  (A+  AT  » 

-  T,c+B.ln  d"^'^).  Pig. 11  shows  the  re¬ 
sults  for  polygonal  structures  with  opti¬ 
malized  constants  ky«15  Hmm~3/2, 

50  MPa/%,  B  «  110  ®t.  The  regression 
equation  is  AT  «  147  +  0.4.  A R  with  the 


correlation  coeficient  r  =  0.884.  This 
correlation  seems  to  be  low.  However,  if 
we  consider  that  the  accuracy  of  transi¬ 
tion  temperature  determination  is  ilO  ©c, 
the  yield  strength  scattering  is  ±  4  %, 
the  grain  size  measurement  precision  is 
±  5  %,  it  is  possible  to  surround  the  re¬ 
gression  line  by  a  natural  scattering 
zone.  After  that  only  4-6  %  of  results 
show  a  marked  discrepEUicy. 

Pig. 12  shows  the  same  dependence 
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for  nanpolygonal  structures.  In  spite  of 
fact  that  when  comparing  with  the  poly¬ 
gonal  structures  the  micro structural  pa¬ 
rameters  and  ways  of  their  evaluation 
(subgrain  size  is  determined  with  the 
help  of  an  electron  microscope,  the  owin 
size  is  determined  fractographically; 
are  very  different,  we  can  see  that  the 
character  of  the  interdependence  does 
not  change  markedly.  The  position  of  the 
regression  line  is  slightly  different: 

A+  AT  a  108+0.566.  AR  and  the  correlatLon 
coefficient  is  0,871. 


Pig.  13  -  The  dependence  of  T,c+B.ln  (f 
on  hR  for  polygonal  and  nonpolVgonnl 
structures 


Pig. 13  shows  the  unified  set  of  re¬ 
sults  for  polygonal  and  nonpolygonal 
structures.  The  regression  equation  is 
A+  AT  a  143+0.466.  R,  the  correlation 
coefficient  is  0,870,  The  fall  of  cor¬ 
relation  ciefficient  is  negligible.  DiLs 
leads  us  to  accept  a  unified  equation 
for  all  microstructural  alternatives  of 
HSLA  steels,  giving  the  relation  between 
the  yield  strength,  transition  tempera¬ 
ture  and  microstructural  parameters  in 
the  foiTO  : 

T35  -  0.47Re=143  -  23  .%Mn-  0.047d;’'- 
-  7.05  (  d'''/^+ 15:6  In  d"''''^)  (13) 

THE  STRAIN  HARDENING  EXPONENT  -  The 
strain  hardening  exponent  is  habitually 
related  to  yield  strength,  when  express¬ 
ed  parametrically  by  chemical  composi¬ 
tion  or  by  grain  size  /4,  13-15/.  In  oar 
analysis  we  shall  start  by  investigat¬ 
ing  the  influence  of  changes  of  precipi¬ 
tation  parameters  for  throe  alternatives 


at  the  constant  values  of  grain  size. The 
values  of  n  on  Pig. 14  are  shown  in  de¬ 
pendence  on  the  yield  strength.  We  see 
t^t  the  curves  are  hyperbolical  in  cha¬ 
racter  and  are  equidlstantly  shifted  in 
relation  to  each  other.  This  indicates 
that  the  influence  of  grain  size  is  not 
marked  and  that  precipitation  plctys  a  mo¬ 
re  significant  role  in  the  reduction  of 
n  with  increasing  of  yield  strength, This 
view  is  supported  also  by  Pig. 15  which 


Pig, 14  -  Relation  between  R  and  n  for 
vari oua  values  of  d 
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shows  the  values  of  n  in  relation  to  gain 
size,  for  a  representative  measurement 
set  •  There  is  no  observable  dependence 
between  these  two  quantities.  The  dashed 
line  marks  the  region  of  fine  grain  sizes 
and  higher  values  of  n  in  which  no  meaeur>- 
Ing  points  are  present.  We  admit  the  pos> 
slblllty  that  very  fine  grain  may  InfLuen- 
ce  the  formation  of  dislocation  cells  un¬ 
der  strain  and  thus  cause  a  decrease  of 
the  strain  hardening  exponent.  The  In¬ 
fluence  of  precipitates  Is  much  more  mar¬ 
ked.  Fig.  16  shows  values  of  n  In  relation 
to  the  precipitation  parameter  The 

validity  of  this  dependence  Is  supported 
by  Figs.  17a, b,c  which  docviment  the  In¬ 
teraction  between  deformation  dislocation 
substructure  and  precipitates.  At  low 


a.)  A  =  212  nm 


b )  A  =  103  nm 


c)  =  72  nm 


Fig. 17  -  Influence  of  preci citation  sta¬ 
te  on  the  development  of  deformation  dis 
location  substructure 


Fig. 18  compares  the  measured  values  in 
relation  to  the  regression  hyperbola. The 
trend  is  clear,  but  the  exactness  of  the 
relation  is  not  yet  completely  satisfac- 


Pig,16  -  Dependence  of  strain  hardening 
exponent  n  on  parameter 

precipitate  density  (A*  212  nm)  the  foiv 
matlon  of  dislocation  cells  is  independ¬ 
ent  of  precipitates, Fig, 17a.  An  interme¬ 
diate  density  (A™  103  nm)  causes  the 
formation  of  cells  in  the  regions  with 
sparse  occurence  of  particles, in  this  cch 
ss  between  the  bands  of  Interphase  TiC 
precipitates.  Fig, 17b.  A  very  high  par¬ 
ticle  density  (  A  «  72  nm)  has  a  hcmioge- 
nlzlng  effect  and  retards  cell  formation. 
Fig.  17o, 

In  addition,  regression  anedysls 
showed  that  pearlite  in  miorostructure 
exerts  a  direct  influence  on  the  decrease 
of  the  exponent  n.  Ho  influence  of  Mn 
was  found.  The  measurement  set  is  not 
sufficient  with  respect  to  Si  content  ba¬ 
lance  and  therefore  its  Influence  could 
not  be  determined. 

For  polygonal  microstructures  the 
following  equation  was  proposed  for  cal¬ 
culating  of  n  t 


Fig.  18  -  The  dependence  of  strain  harden 
ii^  exponent  on  the  values  of  A  R 


Afl  for  nonpolygonal  structurea,the 
Influence  of  the  subgrain  size  on  the 
value  of  n  Is  not  marlced,  but  there  are 
msuiy  other  Influences  of  the  mlcrostruc- 
ture,  substructure  and  the  solid  solu¬ 
tion  composition  which  up  to  now  have 
not  been  satisfactorily  deciphered. 

REDUCTION  OP  AREA  -  The  reduction 
of  area  Is  Influenced  by  those  micro- 
structural  factors  which  during  plas¬ 
tic  deformation  In  the  microvolumes 
serve  as  nuclei  fcr  defects  formation. 
Therefore  the  Influence  of  parameters 
such  as  grain  and  subgrain  size  and  the 
solid  solution  characteristics  are  smell. 
On  the  other  hand,  the  Influence  of  peer- 
llte,  Inclusions  and  that  of  large  carbi¬ 
des  are  significant.  In  /1 6/  we  have 
proposed  an  anisotropic  model  for  the 
mechanism  of  influence  of  rolled  out  in¬ 
clusions  on  the  ductile  fracture  mecha¬ 
nism.  More  recent  statistical  analyses 
/1 6/  have  demonstrated  the  dependence 
of  reduction  of  area  on  the  planar  frac¬ 
tion  of  nucleating  particles  of  carbide 
and  pearlite  inclusions  (fpj.)  on  the 
fracture  surface  as  follows^ 

2  =  (1-1.2657.fpr^''^).100  %  (U) 

The  model  is  well  suited  for  the  deter¬ 
mination  of  reduction  of  area  in  the 
transversal  and  normal  direction  to  the 
sheet  plane. 

TENSILE  STRENGTH  AND  FRACTURE  STRESS 
-  With  respect  to  equation  (10),  the 
real  stress  R-c--,  at  tensile  strength 
point  is: 


If  the  steel  has  no  marked  yield  strength 
and  Lader»s  strain,  it  is  possible  to 
express  the  constant  k  from  yield 
strength  and  to  calculate  the  tensile 
strength  from  RpQ  2  an*i 

R=  1.002  I - - - )•  Rpo.2  16) 

^  \O.OO54  •  ^ 


COMPLEX  NOMOGRAM  FOR  RELATION 
BETWEEN  MICROSTRUCTURAL  PARA¬ 
METERS  AND  MECHANICAL  PROPER¬ 
TIES 


The  graphical  processing  of  the 
above  aquations  yields  the  nomogram  shown 
in  the  Pig.  19.  The  nomogram  Is  valid 


Pig.  19  -  A  complex  nomogram  for  rela¬ 
tions  between  yield  strength  and  tran¬ 
sition  temperature 


In  this  case  it  is  not  necessary  to 
look  for  a  uirect  relationship  between 
R^  and  ralcrostructurej  this  should  be 
eScpressed  through  the  structural  natu¬ 
re  of  R  and  n. 

The  actual  fracture  stress  at  the 
static  tensile  test  may  be  expressed 
using  k,  n  cmd  Z,  as  follows: 


n 


/  100  \  / 

fin  -  /  (a-b.Z)fc+d.n)  (17) 

\  100-Z  /  / 


with  regression  consteuits  a  =  1.597, 

b  *  0.013,  c  -  0.880,  d  =  1.460. 


for  polygonal  microstructures.  If  it  is 
used  for  nonpolygonal  structures,  then 
it  is  necesseo'y  to  use  instead  of  yield 
strength  its  corrected  value,  i.e,  re-  ^ 
duced  by  the  contribution  Ro-,  «  koft.d,“\ 

The  nomogram  permits  using  or'^any 
three  parameters  from  the  set  (R  ,  T,-, 
d,  n,  %Mn,  nR;  to  determine  the  femain- 
ing  three.  E.g.  if  the  steel  A  has  1.5% 
Mn,  R  «  500  MPa,  the  grain  size  accord¬ 
ing  ASTM  is  12,  then  the  transition  tem¬ 
perature  will  be  -50  C,  4R  ■  200  MPa 
and  the  strain  hardening  exponent  n  » 
0.165. 

The  nomogram  permits  em  illustrati¬ 
ve  and  fast  orientation  when  predicting 
steel  properties  from  its  microstructure, 
designing  the  microstructure  to  ensure 


-  ■  - - -  r  ^  w 

t 


the  required  property  complex  and  helps 
in  discovering  the  imperfections  of  the 
considered  steel. 

CONCLUSION 

A  theoretical  analysis  of  the  prob¬ 
lem  led  to  the  quantification  of  rela¬ 
tionships  between  microstructural  para¬ 
meters,  chemical  composition  and  the 
yield  strength,  transition  temperature 
and  strain  hardening  exponent.  Results 
were  confirmed  for  a  wide  range  of  HSLA 
steels. 

It  was  also  possible  to  derive  rela¬ 
tionships  expressing  precipitation  har¬ 
dening  and  embrittlement. 

Owing  to  the  introduction  of  embri¬ 
ttlement  hardening  component  it  was  po¬ 
ssible  to  obtein  usable  relationships 
connecting  HSLA  steel  structure  and  pro¬ 
perties  which  were  expressed  nomogra- 
phically. 
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ABSTRACT 

The  aim  of  this  work,  which  has  been  carried 
out  by  IRSID  and  SOLLAC  Dunkirk,  was  to 
optimize  the  hot  rolling  of  pipeline  steels 
on  the  hot  strip  mill,  in  order  to  improve 
the  toughness-strength  compromise. 

Hot  torsion  tests  performed  at  IRSID  enabled 
the  effects  of  hot  rolling  parameters  on  the 
austenitic  and  ferritic  microstructure  of  a 
C-Mn  steel  and  a  C-Mn-Nb  steel  to  be 
quantified.  One  of  the  main  results  is  that 
the  ferritic  grain  size  has  been  found  to 
decrease  with  lower  reheating  temperature 
(through  grain  growth  control)  and  with 
lower  finishing  temperature. 

Rolling  trials  have  been  carried  out  on  the 
pilot  scale  mill  at  IRSID  and  on  the 
industrial  scale  SOLLAC  Dunkirk  hot  strip 
mill.  The  main  results  of  these  investiga¬ 
tions  are  ; 

-  for  both  steels,  a  better  strength 
and  toughness  comptomisc  is  ojjLaiueu  when 
lowering  both  reheating  and  finishing  tem¬ 
perature  , 

-  when  rolling  is  finished  in  the y/a 
range,  mechanical  properties  of  the  C-Mn 
steel  were  further  improved.  As  for  the 
C-Mn-Nb  steel,  the  toughness  is  improved  if 
respective  reductions  in  the  austenitic  and 
ferritic  ranges  are  adequately  balanced. 


-  for  the  C-Mn  steel,  a  further  impro¬ 
vement  of  mechanical  properties  is  obtained 
when  increasing  the  cooling  rate  and  de¬ 
creasing  the  coiling  temperature. 

These  results  permit  the  production  of  high 
toughness  high  grade  hot  rolled  coils  for 
pipes.  An  enlargement  of  the  gauge  capabi¬ 
lity  has  been  possible  at  the  SOLLAC  Dunkirk 
hot  strip  mill  for  these  products. 

1.  INTRODUCTION 

As  a  consequence  of  the  high  hot  strip 
mil!  productivity,  which  lowers  costs,  there 
is  an  increasing  demand  for  high  grade  as 
rolled  coils  11,  2).  However  productivity 
requirements  have  greatly  delayed  the  appli¬ 
cation  to  hot  strip  mill  of  controlled 
rolling  techniques  intensively  developed  in 
the  seventies  for  plate  mills.  On  the  hot 
strip  mill,  high  mechanical  properties  arc 
often  obtained  by  the  use  of  alloying 
elements  which  combine  precipitation,  solid 
solution  and  structural  hardening  [2,  1,  4). 
These  elements  allow  relatively  light  roll¬ 
ing  conditions  [5,  6,  7)  but  have  drawbacks: 
they  are  expensive  and  precipitation  stren¬ 
gthening  has  a  detrimental  effect  on  tough¬ 
ness.  Therefore  the  challenge  is  to  obtain 
high  grade  coils  with  good  toughness  proper¬ 
ties  especially  for  thick  gauge,  at  a 
competitive  production  cost.  It  is  well 
known  that  tha  most  effective  way  to  improve 
both  strengthening  and  toughness  is  the 
refinement  of  the  ferritic  grain  size.  This 
can  be  obtained  by  microalloy ' ng  additions 
and/or  modifications  to  the  rolling  process. 

The  objective  of  the  present  work, 
which  has  been  carried  out  by  IRSID  and 
SOLLAC  Dunkirk,  was  to  optimize  rolling 
conditions  with  a  view  to  obtain  a  better 
strength  and  toughness  compromise,  through  a 
balance  between  grain  size  and  precipitation 
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hardening,  within  an  acceptable  range  for 
technological  facilities  and  mill  capacity. 

A  C-Mn-Nb  steel  for  X60  grade  and  a 
C-Mn  steel  for  X42  grade  were  used,  the 
compositions  of  which  are  given  on  Table  I. 

Steel  C-Mn  : 


c 

Mn  Nb 

Si 

S  P  A1  N^ 

149 

1110 

281 

5  13  47  6.3 

Steel 

C 

C-Mn-Nb  ; 
Mn  Nb 

Si 

S  P  A1  N^ 

100 

1250  27 

200 

1 .5  24  30  10.6 

Composition  in 

lo"^ 

%  weigth 

TABLE  I . 


IRSTP  carried  on  the  work  by  the  means 
of  hot  torsion  testing  and  rolling  on  a 
laboratory  mill.  Each  aspect  of  the  process 
has  been  separately  studied  by  torsion 
testing,  thereafter  complete  rolling  schedu¬ 
les  were  performed  on  the  experimental  mill. 
An  intensive  use  has  been  made  of  the 
structural  model,  recently  developed  at 
IRSID  [8,  9),  which  proved  to  be  effective 
for  the  prediction  of  the  austenitic  micro¬ 
structure  . 

2.  EXPERIMENTAL  PROCSDURE 

The  hot  torsion  tests  were  performed  on 
a  fully  computerized  machine.  Specimens  were 
6  mm  dia.  and  80  |nm  gauge  length.  The  strain 
rate  was  3.6  s  .  Specimens  are  induction 
heated,  cooled  by  argon  or  helium  and  can  be 
quenched  at  any  moment  of  the  test. 

The  experimental  mill  is  a  three  high 
mill  with  maximum  speed  1  m/s.  Minimum 
intorpass  time  was  7  s.  Products  were  70  x 
70  X  150  mm  billots  machined  in  70  mm  heavy 
plate  and  rolled  to  12  mm  final  thickness. 
The  temperature  was  controlled  by  a  thermo¬ 
couple  embedded  in  a  hole  at  the  first  pass. 
Cooling  of  the  final  product  was  obtained  by 
pulsed  air  up  to  lO^C/s  or  water  quenching 
for  higher  cooling  rates.  Coiling  was  simu¬ 
lated  by  1  hour  annealing,  followed  by  slow 
cooling  in  vermiculite  powder. 

3.  AUSTENITE  AND  FERRITE  M I CROSTROCTURE 

3.1.  Reheating 

The  austenite  grain  size  dy  of  torsion 
specimens  has  been  observed  after  reheating 
whithin  the  t080-1230°C  range,  simulated  by 
a  20  mn  isothermal  holding  at  a  choosen 
temperature  T  y.  Figures  1  and  2  show  the 
evolution  of  dy  (pm)  with  Ty  (°C),  asso¬ 
ciated  with  the  niobium  carbonitride  or 
aluminium  nitride  contents. 


In  both  case  (C-Mn-Nb  and  C-Mn  steels) 
a  low  reheating  temperature  produces  a  fine 
austenitic  grain  size  due  to  grain  boundary 
pinning  by  nitride  and  carbonitride  parti¬ 
cles.  At  Ty  -  1030°C  abnormal  grain  growth 
occurs  because  of  unpinning,  and  the  micro¬ 
structure  is  heterogeneous.  Above  1030°C 
normal  grain  growth  takes  place  and  because 
of  the  low  temperature  the  grain  size 
remains  small  until  all  of  the  particles  are 
dissolved. 

During  the  roughing  stage,  the  austeni¬ 
tic  structure  is  refined  by  recrystalliza¬ 
tion  aft^r  each  pass.  Because  of  high  temper¬ 
ature  and  large  reductions,  recrystalliza¬ 
tion  is  fast  and  grain  growth  occurs  between 
passes.  In  the  structural  model  developed  in 
previous  work  at  IRSID  [8,  91,  the  grain 
growth  is  described  by  a  logarithmic  law  : 
d  =  dR  (  1  +  a  In  t/tR)  ,  where  dR  is  the 

recrystallized  grain  size  and  tR  the  time 
for  complete  recrystallization,  ct  is  a  para¬ 
meter  which  depends  on  grain  growth  inhibi¬ 
tor  factors  such  as  niobium  in  solution  or 
the  presence  of  non  dissolved  particles. 

The  latter  factor  has  been  particularly 
studied  in  the  present  work  and  figure  3 
shows  the  evolution  of  ct  with  the  reheating 
temperature. 

From  this  data  the  following  expres¬ 
sions  for  a  could  be  derived  : 

C-Mn  steel  : 

a  =  0.2  ( 1  -  f (AlN) )  ( 1 ) 

C-Mn-Nb  steel  : 

a=  0.1  (I  -  f(AlN))(l  -  f(NbCN))^  (2) 

As  shown  in  figure  3,  the  C-Mn-Nb  steel 
exhibits  a  stronger  control  of  grain  and 
below  I080°C  no  grain  growth  occurs  between 
passes. 

Figure  4  shows  the  evolution  of  auste¬ 
nitic  grain  size  in  the  whole  roughing  stage 
after  reheating  at  ’230  an  ino^C.  Lowering 
the  reheating  temperature  produces  a  finer 
grain  size  at  the  entrance  of  the  finishing 
stand  due  to  finer  recrystallized  grain 
sizes  after  reductions  at  lower  temperatures 
and  slower  grain  growth  between  passes.  The 
initial  gram  size  has  no  effect  on  the 
final  grain  size  as  shown  in  figure  5  where 
grain  sizes  were  . ompufed  and  measured  after 
the  same  roughing  schedule  from  very  diffe¬ 
rent  initial  grain  sizes. 

Another  way  for  refining  austenitic 
microstructure  is  to  increase  the  total 
reduction  in  the  roughing  stage,  that  is, 
decreasing  the  transfer  bar  thickness.  Fi¬ 
gure  6  shows  the  computed  austenitic  grain 
size  at  the  entrance  of  stand  FI  for  C-Mn-Nb 
and  C-Mn  steels,  according  to  bar  thickness 
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and  reheating  temperature.  As  shown  in  this 
figure  a  finer  grain  size  is  obtained  by 
decreasing  the  bar  thickness  with  higher 
reduction  in  the  roughing  stage.  This  figure 
also  shows  that  decreasing  the  reheating 
temperature  has  a  more  important  effect  on 
the  austenitic  grain  size. 

J.2.  Finishing  stage 

In  the  finishing  stage,  the  two  steels 
have  different  behaviours  :  in  the  C-Mn-Nb 


steel,  the  austenite  does  not  recrystallize 
between  passes.  However,  in  both  cases 
structural  evolution  is  strongly  dependent 
on  the  rolling  temperatures.  Tables  11  and 
III  show  the  computed  recrystallized  frac¬ 
tion  XR  or  recrystallization  grain  size  d 
at  the  entrance  of  each  finishing  stand,  for 
the  C-Mn-Nb  and  C-Mn  steels  respectively. 
With  increasing  temperature,  recrystal 1 i za- 
tion  can  occur  for  the  C-Mn-Nb  steel  at  the 
first  stands  of  finishing  stage.  On  the 
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contrary,  with  decreasing  rolling  tempera¬ 
ture  for  the  C-Mn  steel,  recrystallization 
may  incomplete  in  the  last  stands  or  even 
supressed  in  the  whole  finishing  stage  if 
rolling  temperatures  are  extremely  low. 

The  figure  7  descrioes  the  complete 
microstructural  evolution  of  both  steels, 
between  the  stands ,  for  schedules  2  and  5  of 
Tables  n  and  Ill  (finishing  temperature 
equal  respectively  to  820  and  950° C).  Figure 
7  shows  the  evolution  of  the  mean  austenitjc 
grain  size  dy  and  the  residual  strain  e  , 
which  represents  the  mean  amount  of  pan¬ 
caking  in  the  microst^ucture  (for  the  compu¬ 
tation  of  dy  and  e  in  a  partially  re¬ 
crystallized  structure,  see  ref.  [8]  and 
[9].  As  can  be  seen,  for  both  steels,  when 
rolling  temperatures  are  increased,  the 
austenitic  grain  size  is  more  refined  by 
recrystallization ,  but  pancaking  decreases. 

As  the  resulting  ferritic  grain  size  is 
dependant  on  both  grain  size  and  the  amount 
of  pancaking  [9,  tO]  we  performed  complete 
simulations  of  rolling  to  investigate  the 
influence  of  austenitic  microstructure  on 
the  ferritic  grain  size. 

3.3.  Ferritic  structure 

Fine  ferritic  grain  size  results  from 
the  transformation  of  fine  grained  and 
strained  austenite.  Thereby  the  ferritic 
grain  size  is  dependent  on  initial  recryst¬ 
allized  grain  size  before  straining,  the 
temperature  of  rolling  in  the  finishing 
stand  and  the  total  amount  of  straining. 

As  previously  shown,  a  lowering  of  the 
reheating  temperature  and/or  finishing  tem¬ 
perature  should  produce  a  finer  ferritic 
structure.  This  a  confirmed  by  the  results 
of  figure  8  which  gives  the  observed  ferri¬ 
tic  grain  size  of  C-Mn-Nb  and  C-Mn  steels 
according  to  reheating  temperature  produces 
a  finer  grain  size,  but  this  effect  is 
relatively  small  for  the  C-Mn-Nb  steel 
(figure  8).  The  effect  of  the  finishing 
temperature  is  obviously  stronger.  It  is 
important  to  note  that  at  a  finishing 
temperature  of  780°C,  both  steels  gave  the 
same  ferritic  grains  sizes.  As  can  be  seen 
in  Table  III  for  C-Mn  steel  finished  at 
780°C,  recrystallization  is  suppressed  over 
the  whole  of  the  finishing  mill  so  this 
steel  behaves  like  the  C-Mn-Nb  steel.  This 
result  is  obvious  from  figure  9,  where  the 
observed  ferritic  grain  size  is  plotted 
against  the  austenitic  grain  size  calculated 
prior  to  the  transformation.  These  results 
fit  well  the  fo_llowing  relationship  : 
da=  0. 581ndy-2.  12e  +  0.00975  FT  -  3.33  (3) 


4.  MECHANICAL  PROPERTIES 

4.1.  I ntroduction 

Complete  rolling  simulations  have  been 
performed  on  the  experimental  mill  to  inves¬ 
tigate  yield  strength  and  toughness  in  the 
transverse  direction.  Processing  parameters 
have  been  chosen  as  indicated  below. 

-  Reheating  temperature  :  Ty  1080,  1130, 

1  180,  1230°C 

-  Total  reduction  in  the  finishing  stage  : 

pF  =  66  %,  75  % 

-  Finishing  temperature  :  FT  =  860,  820, 

780,  760°C 

-  Cooling  rate  :  CR  =  1,  5,  10,  15,  20° C/s 

Cooling  temperature  ;  CT  =  500,  550, 

600,  650°C. 

Thermal  analysis  of  specimens  after 
rolling  were  used  to  determine  the  austenite 
to  ferrite  transformation  temperature  Ar* 

which  was  found  to  be  Ar*  =  780°C  for 
C-Mn-Nb  steel,  Ar*  =  760°C  for  C-Mn  steel. 
For  C-Mn-Nb  steel  lamellar  splitting  occured 
in  impact  tests,  whenever  rolling  was  fi¬ 
nished  at  low  temperature.  Therefore  the  50% 
FATT  could  not  be  determined  and  toughness 
was  assessed  by  the  temperature  for  28J/cm^ 
impact  energy  :  TK  28J. 

4.2.  Experimental  results  ;  C-Mn-Nb 

steel 

Figure  10  shows  the  yield  strength  (YS) 
and  toughness  (TK28J)  obtained  after  diffe¬ 
rent  reheating  temperatures  (Ty)  and  finish¬ 
ing  temperatures  (FT).  The  effect  of  finish¬ 
ing  temperature  and  total  reduction  is  more 
precisely  shown  by  figure  11.  Reduction  of 
the  reheating  temperature  results  in  lower 
yield  strength  but  improved  toughness.  Lower¬ 
ing  the  finishing  temperature  to  820°C  lead 
to  higher  yield  strength  and  toughness. 
After  finishing  at  780°C  however,  toughness 
is  strongly  deteriorated  but  yield  strength 
continues  to  increase. 

Increasing  the  reduction  in  the  finish¬ 
ing  stage  produces  an  improvement  of  tough¬ 
ness  and  only  slightly  affects  the  yield 
strength. 

The  effect  of  cooling  rate  after  roll¬ 
ing  has  been  investigated  for  Ty  =  1130°C  ; 

OF  =  66  %  ;  FT  =  820°C  and  CT  =  600°C.  The 
results  are  shown  .n  figure  12.  As  can  be 
seen,  the  yield  strength  and  toughness  are 
improved  when  the  cooling  rate  varies  from 
l°C/s  to  5°C/s,  but  no  further  improvement 
is  obtained  with  higher  cooling  rates.  The 
effect  of  coiling  temperature  between  500 
and  650°C  has  been  investigated  and  results 
are  plotted  in  figure  13.  No  effect  on  the 
mechanical  properties  have  been  found  when 
lowering  the  coiling  temperature  below 
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600'’ C.  The  yield  strength  is  however  de¬ 
teriorated  for  CT  =  650° C. 

4.3.  Experimental  results  :  C-Hn  steel 

Similar  trials  have  been  performed  with 
the  C-Mn  steel.  Figure  14  shows  the  me¬ 
chanical  properties  obtained  after  different 
reheating  and  finishing  temperatures.  The 
yield  strength  decreases  with  reheating 
temperature  except  at  Ty  =  1080°C  and  FT  = 
780°C,  where  high  yield  strength  is  achiev¬ 
ed.  Lowering  the  reheating  temperature  re¬ 
sulted  in  improved  toughness  at  FT  =  780°C 
but  had  no  effect  on  toughness  at  FT  = 
860°C. 

When  the  finishing  temperature  is  lower¬ 
ed  down  to  760°C,  which  is  the  transforma¬ 
tion  temperature,  it  is  seen  in  figure  15 
that  both  strength  and  toughness  are  further 
improved.  Similar  results  are  obtained  with 
more  severe  cooling  conditions  either  in¬ 
creasing  the  cooling  rate  up  to  15°c/s  or 
decreasing  the  coiling  temperature  down  to 
500°C. 

4.4.  Discussion 

The  results  described  above  show  clear¬ 
ly  the  competition  between  different  streng¬ 
thening  effects. 

The  yield  strength  of  C-Mn-Nb  steel 
results  from  a  combination  of  precipitation 
hardening  and  grain  size  effects.  When  the 
reheating  temperature  is  lowered  the  amount 
of  niobium  which  precipitates  in  the  ferrite 
is  reduced  and  the  refinement  of  the  ferri¬ 
tic  grain  size  is  not  sufficient  to  compen¬ 
sate  for  the  diminution  of  solid-solution 
strengthening.  On  the  contrary,  both  effects 
produce  an  improvement  of  toughness.  Impro¬ 
vement  of  both  yield  strength  and  toughness 
is  achieved  through  grain  refinement  by 
lowering  the  finishing  temperature.  The 
transformation  temperature  Ar*  is  780°r, 
therefore  when  rolling  is  finished  at  780°C 
(measured  at  the  center  of  the  specimen)  one 
can  assume  that  deformation  in  the  y/a  range 
is  achieved  through  the  thickness.  Hence  the 
impaired  toughness  and  improvement  of  yield 
strength  observed  at  FT  =  780°C  can  be 

associated  with  rolling  in  the  y/a  range.  As 
can  be  seen  in  figure  11  when  FT  =  780°C, 
the  touahness  is  improved  by  increasing  the 
reductioi.  in  the  finishing  stage  p^.  When  FT 
=  760°C  more  reduction  is  achieved  in  the  y/a 
range  and  figure  1 1  shows  that  the  yield 
strength  is  deteriorated. 

These  results  confirm  some  of  the 
conclusions  of  previous  TRSIP  studies  [11]  : 

-  mechanical  properties  of  steels  roll¬ 
ed  in  the  y/a  range  are  improved  when  strong 
reduction  is  achieved  in  the  non  recrystal¬ 
lized  austenite. 


-  when  reduction  in  the  y/a  range 
exceeds  a  critical  value,  yield  strength  is 
decreased. 

Mechanical  properties  of  the  C-Mn  steel 
are  mainly  explained  by  the  combined  effects 
of  ferritic  grain  size  and  solid  solution 
strengthening  due  to  soluble  nitrogen.  As 
shown  in  figure  2,  the  nitrogen  content  in 
solid  solution  is  reduced  by  lowering  the 
reheating  temperature.  A  previous  study 
carried  on  at  IRSID  (12),  showed  that  the 
precipitation  of  AIN  during  coiling  at 
temperatures  under  650°C,  is  very  slow. 
Therefore,  in  our  rolling  conditions,  nitro¬ 
gen  should  remain  in  solution  from  reheating 
to  final  cooling. 

The  ferritic  grain  size  is  refined  by 
lowering  finishing  and  reheating  temperatu¬ 
res  j  however  that  latter  effect  does  not 
compensate  the  smaller  solid  solution  hard¬ 
ening.  Improved  properties  are  also  achieved 
through  grain  refinement  when  the  cooling 
rate  is  increased  from  10  to  15°r/s.  The 
microstructure  observed  (figure  19)  is  fine 
equiaxed  ferrite  plus  a  small  fraction  of 
fine  upper  bainite.  This  is  also  observed 
(figure  16)  at  low  coiling  temperature 
(500°C)  at  which  good  properties  are  a- 
chieved. 

In  view  of  these  results  an  experimen¬ 
tal  trial  has  been  performed  to  obtain  the 
best  mechanical  properties.  The  rolling 
parameters  were  : 


lx. 

=  1130°C 

FT 

760°C 

CR 

=  30°C/s 

CT 

=  500°C. 

The  microstructure  obtained  is  a  mixt¬ 
ure  of  fine  ferrite  and  upper  bainite. 
Resulting  yield  strength  and  temperature  TK 
50  %  are  : 

YS  =  460  N/:nm'-TK50%  FATT  =  -  90°C 
which  constitutes,  as  seen  in  figure  16,  the 
best  strength- toughness  compromise  obtained 
for  that  steel. 
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5.  RESULTS  ON  THE  SOLLAC  DUNKIRK  HOT  STRIP 
MILL 

Several  trials  have  been  performed  on 
the  r:  dustrial  scale  in  order  to  confirm 
the  major  conclusions  of  the  experimental 
study  carried  out  at  IRSin.  The  main  results 
are  summarized  in  table  TV  and  figure  17, 
where  the  yield  strength  and  the  toughness 
(50  %  FATT)  have  been  plotted  (each  point 
represents  the  mean  characteristics  measured 
on  several  coi Is ) . 

These  results  have  to  be  dt?scribed  in 
terms  of  chemical  composition  ( Nb  content) 
rolling  parameters  and  final  thickness. 

St^el  A  has  a  low  niobium  content 
(14.10  %)  and  was  rolled  with  high  soaking 

and  finishing  temperature.  As  the  final 
gauge  is  high  (10  mm)  the  final  micro- 
structure  is  rather  coarse  and  the  proper¬ 
ties  are  poor. 

Steel  B  with  the  same  final  gauge, 
shows  a  considerably  improved  toughness 
compared  to  steel  A.  In  this  case  the 
niobium  content  was  greater  and  also  the 
rolling  conditions  were  more  severe.  Since 
the  manganese  an!  carbon  content  are  lower 
the  yield  strength  is  the  same  as  steel  A. 

With  steel  C,  the  influence  of  rolling 
md  coiling  temperature  may  be  observed. 
Coils  Cl  were  rolled  and  coiled  at  high 
temperature.  Thanks  to  a  higher  niobium 
content  the  yield  strength  is  higher  than 
steel  B  (with  the  same  gauge)  but  the 
toughness  is  lower.  For  coils  C2  the  finish¬ 
ing  and  coiling  temperatures  were  lowered 
and  this  gives  a  drastic  improvement  of  Ixith 
strength  and  toughness. 


The  effect  of  reheating  temperature  has 
been  investigated  on  steel  P.  Lowering  the 
reheating  temperature  from  1230  to  t130°C 
improves  the  toughness  without  deteriorating 
the  strength  thank  to  a  better  control  of 
the  grain  size. 

Steel  E  is  a  niobium  vanadium  steel  for 
X70  production.  By  means  of  low  temperature 
rolling,  good  toughness  is  achieved  with  a 
very  high  strength. 

Steel  F  was  rolled  to  1 5  mm  final  gauge; 
the  mechanical  properties  are  reasonably 
good  for  such  a  thickness  on  the  hot  strip 
mill. 

With  steels  G  and  H  the  effect  of  very- 
low  temperature  rolling  -  that  is  in  t.he 
ferritic  range  -  has  been  investigated. 
Because  of  the  low  final  thickness  (5  mm)  a 
large  amount  of  reduction  was  achieved  in 
the  austenitic  ranae  prior  to  deformation  in 
the  ferritic  range.  As  a  consequence,  for 
both  steels  the  toughness  is  drastically- 
improved  with  no  change  in  the  yield 
strength.  This  confirms  the  results  of  the 
experimental  works.  Recrystallization  of  the 
ferrite  may  occur  whenever  too  much  reduc¬ 
tion  is  performed  in  the  ferrite  and  there¬ 
fore  the  dislocation  strengthening  vanishes. 

6.  CONCLUSIONS 

The  present  study  clearly  demonstrates 
the  strong  influence  of  processing  parame¬ 
ters  on  microstructure  and  thus  on  mechanic¬ 
al  properties  of  C-Mn  and  C-Mn-Nb  steels 
rolled  on  the  hot  strip  mill.  Simulations  by- 
hot  torsion  tests  and  the  use  of  a  structur¬ 
al  model  help  to  explain  the  results 
observed.  The  main  conclusions  may  bo  summa¬ 
rized  as  following  : 

C-Nin-Nb  Steel 

-  an  improved  toughness  is  obtained  by 
lowering  the  reheating  temperature  :  there¬ 
fore,  to  maintain  a  high  yield  strengtli,  the 
finishing  teraperaturo  snould  be  reduced,  but 
must  be  kept  above  tlie  transformation  tem¬ 
po)  a  ture , 

-  when  rolling  is  finished  in  th>- 
ferritic  range,  tou-/hness  is  impaiiod,  -un¬ 
less  a  higher  reduotion  i  .s  achieved  in  tiie 
finishing  stage, 

-  no  significant  influence  of  cooling 
rate  from  5  to  20°Os,  nor  of  coilinc 
temperature  from  600  to  rOO'C  were  obsoi  \-od 
when  finishing  tomperaturo  is  low  (R20"’c). 

C-Mn  S'-oel 

-  toughness  and  y i  <' 1 d  strength  arc 
improved  when  both  relioating  temperature  and 
finishing  temperature  are  lowered, 
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-  when  rolling  is  finished  in  the 
ferritic  range,  both  toughness  and  yield 
strength  are  still  improved, 

-  both  toughness  and  yield  strength  are 
further  improved  when  the  cooling  rate  is 
greater  than  10°C/s  and  also  when  the 
coiling  temperature  is  lowered  to  500“C, 

-  excellent  mechanical  properties  (YS  = 
460  N/mm^  ;  TK  50  %  =  -  90°C)  are  achieved 
with  Ty  =  I130°C  :  FT  =  760°C,  CR  =  30°C/s, 
CT  =  500°C. 

The  results  concerning  the  C-Mn-Nb 
steels  have  been  confirmed  by  industrial 
trials.  The  attain-ment  of  attractive  proper¬ 
ties  for  thick  gauge  coils  has  been  achieved 
through  a  close  control  of  the  temperature 
at  each  stage  of  the  rolling  process. 
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Fig.  1  -  Austenitic  grain  size  and  dissolu¬ 
tion  of  niobium  after  soaking. 


Fig.  2  -  Austenitic  grain  size  and  dissolu¬ 
tion  of  aluminium  after  soaking. 


a 

6  C-Mn 

2(1  ^r) 

0.20 

•  C-Mn-Nb 

'('  ^r)( 

.5 

'  NbtM  / 

Q.15 

0.10 

/ 

0.05 

. 

/ 

10 ‘’0 

1130  1180 

1230  I]jl 

- 

Gra  i  n 

qrowth  parameter 

heating  temperature. 


57/ 


Oustei^ihc 


steel  C,Mn.Nb 

re^ealt'^g  (ei^peraiuf e  12J0°C  }I30^C 
hof  tor'i'or'  !e-,f  *■  * 


Steel  C-Mn-Nb  / 

H  50/ 

i  sheet  dor  tfticftness  / 


Ri 

P2 

R] 

Ri 

Rs 

[7T(mrn) 

210  ' 

175  ' 

125  ' 

30 

60 

1 

P  (%) 

17 

23 

29 

33 

37 

-f 

12U 

1205 

1192 

n78 

1U9 

Ib 

I  1117 

nil 

1102 

1092 

1070 

Us) 

1  1 

”  1 

1 

20  , 

_J _ 

H  sheet  bar  thtekr^ess  p  reduction  T  temperature 
t  t'me  teetvi/een  passes 


d  jj  Fi  (|im  ) 

ao| 


1010  ItJO  1110  1230  T«(  oc  ) 


lOip  1130  1100  1230  Tvf^^C) 


Fia.  C  -  Calculated  aust'^ni  tic  grain  s 
of  th<’  har. 


4  Evolution  of  cjrain  sizo  in  the 

rouuh  1  nci  rr.i  1 1  . 


Rt  R7  Ri  R‘  R5 _ H 

H(mm)|2l0’  175  *  >2S  >90^  60*  39 

p(%)  17  23  29  •«3  37 _ _ 

"t~<*c)  H17  tm  1102  1092  1070  _  toi 

f  t(tt  I  ,  72~\  22  I  20  I  28  I _ 

H' sheet  bar  thickness  p  rerfu -fion  T  .  femperofur* 
t  hrwe  beet'efeen  posses 


80 


F2  F3  F4  F5 

- schedule  2  FT=820°C 

- schedule  5  FT:950X 

- 1 - 1 - 1 - r 

STEEL  C.Mn 


_ I  - - 1 


df  (I'"') 
80 


50%FATT(“C) 


I 


/ 


Fiq. 12  -  Effect  of  cooling  rate  on  the  mecha¬ 
nical  properties  of  the  C-Mn-Nb  steel. 


I'l.i.  I  ;  -  'iffoct  of  coiling  tc-mperatut'c  on  the 
I -icHn  i  ca  1  f^roperties  of  the  e-gn-Ni:'  stcl. 


-  40  L 

60 

'80  _ 

100  _ 


1 - 1 - r 

STEEL :C-Mn 
FT«860°c 
CRrlOX/S 


Vn  CT=600°C 


FT^TSO'c 

FTs760°C 

orCR=15'’C/s 

orCTs500<’C 

FT*760°c 
CR.30’c/s 
CT-  500”d 


.J. 


X 


300  350  400  450  500 

YS  '  N/mm^i 

■ ; .  1 1  i  '  • . )  'i  ;  •  t  f  ij  ■'  j  1  1  >  • ' .  <  >\  1 


I'lq.  16  -  Microstructure  of  the  i'-Mn  stool 
alter  coiling  temperature  -  CT  =  nG0°C. 


TOUGHNESS -STRENGTH 

industrial  trials  _  SOLLAC  Dunkirk  HSM 


YS  (N/mm  =  ) 


I-,...  |-  -  'i.-iiMni  -al  I'lop.-tti.  s  ol  ti-ici 

■tii‘i*'  .higti  t  t  ' -n-i  t  h  criils  lellirl  at  S'  :.a 
.  ■  .r.k  1  I  k  rait  t  ♦  i  t  [  fill. 


sfln 


THERMO-MECHANICALLY  PROCESSED 
HIGH  COPPER  BEARING 
STEEL  PLATES 


Takashi  Abe,  Masayoshi  Kurihara,  Hisatoshi  Tagawa 

steel  Research  Center 
NKK  Corporation 
Kawasaki,  Japan 


Abstract 

In  order  to  develop  YS460  grade  steel  plate  for 
offshore  structures,  the  effect  of  thermo- 
mechanical  treatment  on  the  mechanical 
properties  of  Cu  bearing  age  hardenable  steels 
was  examined.  Accelerated  cooling  and  direct 
quenching  after  controlled  rolling  enhanced  to 
produce  the  microstructure  dominant  of  low 
carbon  bainite  which  caused  the  improvement  of 
strength  and  toughness.  And  addition  of  Cu  over 
IZ  was  effective  in  both  t  -Cu  precipitation 
strengthening  and  microstructural  control 
through  its  effects  on  hardenability.  On  the 
basis  of  studies  on  the  combination  of  thermo- 
mechanical  process  and  Cu  addition  over  )%, 
heavy  gage  steel  plate  contained  U  Cu  has  been 
developed  with  the  process  of  accelerated 
cooling  after  controlled  rolling.  Despite  high 
strength,  this  plate  represents  good  toughness 
in  HAZs  of  weldment  and  superior  in  weldability 
because  of  its  lower  carbon  content  (C«  0.05%) 
and  carbon  equivalent  <Ceq' 0.40%) . 


FOR  OFFSHORE  STRUCTURES,  increase  in  strength 
and  thickness  of  steel  plates,  and  improvement 
in  toughness  and  weldability  are  required  as 
operation  environment  becomes  severer.  And 
recently,  steel  plates  with  strength  higher  than 
YS460MPa  are  required.  In  order  to  improve  the 
base  metal  properties  and  weldability  of 
structural  steel  plates,  TMCP (Thermo-Mechanical 
Control  Process)  technology  has  come  to  be  used 
with  a  number  of  successful  results'* 
However,  to  meet  recent  strict  requirements  on 
both  strength  and  toughness.,  it  is  indispensable 
to  introduce  new  technology  in  addition  to  TMCP. 

It  is  known  that  addition  of  Cu  about  1.0% 
to  1.2%  in  steels  is  effective  in  increase  of 
strength  by  t.  -Cu  precipitation  hardening.  On 
the  basis  of  this  advantage,  Cu  age  hardenable 


steels  such  as  ASTM-A710  steel"’  for  hull 
structures  and  A710-modified  steel'’  for  line 
pipe  fittings  have  been  developed.  Because  of 
lower  carbon  contents,  these  steels  have 
excellent  weldability  in  spite  of  their  high 
strength,  so  that  they  are  suitable  for  welded 
structures.  Considering  about  application  of 
high  Cu  steel  as  a  structural  steel  plate  in  a 
wide  range,  application  of  the  TMCP  technology 
should  be  researched  to  exert  a  profitable 
effect  on  improvement  of  properties. 

In  the  present  paper,  for  the  purpose  of 
development  of  YS460MPa  grade  steels,  firstly, 
mechanical  properties  of  A710  and  A710-modified 
steels  were  studied  under  conditions  of 
controlled  rolling,  accelerated  cooling  and 
direct  quenching  after  controlled  rolling  in 
comparison  with  the  conventional  heat 
treatments.  Secondly,  to  make  clear  the 
effective  factors  in  the  improvement  of  the 
mechanical  properties,  the  effects  of  chemical 
composition  and  conditions  in  rolling  and 
cooling  on  the  change  of  properties  were 
examined  in  a  laboratory.  Finally,  based  on  the 
results  of  these  basir  examination,  a  new  kind 
of  YS460MPa  grade  steel  plate  with  a  thickness 
of  up  to  75mjr  was  successfully  developed  using 
the  OLAC 11  (On-Line  Accelerated  Cooling  11) 
plant.  The  properties  of  base  metal  and 
weldment  of  the  developed  steels  are  also 
introduced  in  this  paper. 

LABORATORY  STUDIES  ON  PROPERTIES 
OF  TMCP  Cu  BEARING  STEELS 

EXPERIMENTAL  PROCEDURE  -  Table  I  shows  the 
chemical  compositions  of  steels  used  in  this 
study.  Steel  A  is  ASTM  A710  steel  which 
contains  1 . 2%Cu-0. 7%Cr-0. 2%Mo-0.03%Nb.  Steel  B, 
A710-modified  steel,  contains  higher  manganese 
in  comparison  with  A710  steel  to  offset  the 
elimination  of  Cr  and  Mo. 
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Table  )  Chemical  composition,  wt% 
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Steels  C~E  were  used  to  confirm  adequate 
composition  for  thermo-mechanical ly  processed  Cu 
bearing  steels.  The  basic  compositions  of  these 
steels  were  similar  to  that  of  steel  B,  however 
Nb  content  was  reduced  from  0.03  to  0.01%.  The 
differences  in  properties  according  to  plate 
thickness  is  adjusted  by  Mn  content. 

The  conditions  of  multi-pass  rolling  with 
one  pass  reduction  of  5~10%  and  heat  treatments 
which  involve  aging  are  shown  in  Fig.  1 .  In  the 
thermo-mechanical  process,  the  finishing  rolling 
temperature  of  controlled  rolling  was  changed 
from  690  to  lOOO^C,  which  involved  supercritical 
rolling  (7)  and  intercritical  (7  1  a)  rolling. 
After  the  rolling,  various  treatments  such  as 
air  cooling  (about:  0.8°C/s:  CR) ,  interruped 
accelerated  cooling  (10°C/s:  AcC)  and  direct 
quenching  (10~25°C/s:  CR-DQ)  were  carried  out. 
As  the  conventional  heat  treatments,  quenching 
and  normalizing  were  conducted  after  reheating 
to  900°C.  Every  plate  was  sbjected  to  aging 
treatment  in  the  temperature  range  from  A50  to 
650°C.  After  aging,  tensile  properties,  Charpy 
V-notch  toughness  and  microstructure  were 
examined.  The  longitudinal  direction  of  every 
specimen  was  transverse  to  the  rolling 


Fig.  1  Conditions  of  rolling,  cooling  and  heat 
treatment  in  various  process 

EFFECT  OF  MANUFACTURINGE  PROCESS  ON  THE 
PROPERTIES  -  To  confirm  the  effect  of  thermo¬ 
mechanical  process  on  the  properties  of  Cu 
bearing  steels,  change  in  strength  and  toughness 
of  variously  processed  A710  and  A710-modified 
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steels  were  examined.  Figure  2  shows  the  aging 
response  of  variously  processed  A7)0  steel. 

In  this  case,  controlled  rolling  in  the 
thermo-mechanical  process  was  finished  at  800°C 
in  austenite  region.  As  shown  in  the  figure, 
the  maximum  age  hardening  took  place  at  a 
temperature  around  500~550“C  with  an  increase  of 
about  100-150MPa  in  TS  regardless  of  the 
process.  In  the  temperature  range  over  550°C,  a 
decrease  of  strength  caused  by  over-aging  was 
observed.  Concerning  of  the  effects  of 
processes,  the  TMCP  type  represented  by  half 
solid  or  solid  mark  has  higher  strength  than  the 
heat  treatment  type  represented  by  open  mark. 
To  be  specific,  compared  with  normalized  steel, 
the  strength  shows  an  increase  of  50  to  100  MPa 
as  a  result  of  controlled  rolling  and  50  to 
150MPa  as  a  result  of  accelerated  cooling. 
Comparison  between  quenched  steel  and  CR-DQ 
steel  shows  that  higher  increase  in  strength  by 
30  to  70MPa  is  achieved  as  a  result  of  DQ. 

Toughness  deteriorated  as  age-hardening 
increased  and  the  lowest  toughness  was  observed 
around  550°C.  Over-aging  was  preferable  for  the 
improvement  of  toughness.  Figure  3  shows  an 
example  of  electron  microscopic  observation  of 
fine  £  -Cu  precipitates  as  a  result  of  aging. 
The  age  hardening  described  before  is  brought 
about  by  the  precipitation  hardening  of  this  e  - 
Cu. 
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Fig.  2  Change  in  mechanical  properties  of 
variously  processed  A710  steel 
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Fig.  3  Observation  of  g -Cu  precipitates 
(Aging  temperature:  600°C) 

Figure  4  shows  the  relationship  between 
tensile  strength  and  Charpy  transition 
temperature  of  variously  processed  A710  and 
A710-raodified  steels.  The  effect  of  thermo- 
raechanical  process  on  the  properties  is 
obviously  revealed  in  this  figure.  Compared 
with  the  conventional  heat  treatments,  thermo¬ 
mechanical  process  brought  about  remarkable 
improvement  in  both  strength  and  toughness. 
Especially,  high  strength  and  toughness  such  as 
tensile  strength  higher  than  700MPa  and  vTrs 
lower  than  -80°C  were  achieved  by  AcC  or  CR-DQ 
in  both  steels. 

These  changes  in  properties  can  be  almost 
explained  by  the  differences  in  raicrostructures 
shown  in  Fig.  5  Both  normalized  steel  and  CR 
steel  show  ferrite-pearl ite  microstructure,  but 
the  CR  steel  show  finer  ferrite  grains.  On  the 
other  hand,  the  steels  processed  under  the 
condition  where  cooling  is  provided  consist  of 
mainly  low-carbon  bainitic  structure  containing 
some  ferrite.  Furthermore,  this  structure  is 
characterized  by  extending  in  the  rolling 
direction.  The  improvements  in  stieng*'*’  and 
toughness  may  be  mainly  attributed  to  this 
structural  change.  Cu  brings  about  not  only  age 
precipitation  hardening  but  also  improvement  in 
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Fig.  4  Relationship  between  strength  and 

toughness  in  variously  processed  A/IO 
and  A/lO-modified  steels 


hardenability  and  effectively  works  on 
transformation  strengthening. 

As  a  result,  it  was  clarified  that  the 
combination  of  thermo-mechanical  process  and  Cu 
addition  over  1%  was  effective  in  improvement  of 
the  properties  through  the  g -Cu  precipitaion 
strengthening  and  the  microstructural 
improvement  by  grain  refinement  and  formation  of 
finer  low  carbon  bainite. 


Fig.  5  Microstructure  of  variously  processed 
A710  steel,  (a)  normalizing 
(b)  controlled  rolling  (c)  interrupted 
accelerated  cooling  (d)  direct 
quenching  after  controlled  rolling 

EFFECT  OF  TMCP  CONDITIONS  AND  COMPOSITION 
ON  THE  PROPERTIES  -  To  clarify  the  effective 
factors  for  improvement  of  properties  in  thermo¬ 
mechanical  process,  the  effect  of  rolling  and 
cooling  conditions  on  the  properties  was 
studied. 

Figure  6  shows  the  change  of  properties  of 
A710  steel  with  variation  of  finish-rolling 
temperature  from  690  to  1000'’C.  The  ferrite 
transformation  temperature  Arj  of  A7I0  steel  was 
around  780°C.  Therefore,  both  supercritical  and 
intercritical  rolling  were  included  in  these 
conditions.  In  the  supercritical  rolling  in 
which  finish-rolling  temperature  was  above  Ar3, 
little  change  of  strength  was  observed  with 
variation  of  finishing  temperature.  Nearly 
identical  properties  were  obtained  in  a  wide 
range  of  temperature  except  for  1000°C. 
Deterioration  of  toughness  was  observed  in  steel 
finish-rolled  at  )000°C.  Compared  with  the 
supercritical  rolling,  some  decrease  of  strength 
was  observed  in  the  intercritical  rolling 
finish-rolled  below  Ar-,. 

The  change  of  microstructure  with  variation 
of  finish-rolling  temperature  is  shown  in  Fig. 
7.  In  the  case  of  finish-rolling  temperature  at 
I000"C,  coarse  grained  upper  bainite  was 
observed,  which  caused  deterioration  of 
toughness.  Under  the  conditions  of  finish! 
rolling  at  950  and  800T  in  supercritical 
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region,  elongated  and  finer  mi c restructures  were 
obtained.  Austenite  grain  refinement  through 
hot  working  and  deformation  in 
unrecrystallization  region  which  resulted  in 
deformed  raicrostructure  were  necessary  to 
improve  toughness. 

On  the  other  hand,  in  the  intercritical 
rolling,  the  formation  of  coarse  ferrite  grain 
was  observed.  Although  deformation  was  imposed 
to  the  transformed  ferrite  by  the  intercritical 
rolling,  strength  decreased  as  shown  in  Fig.  6. 
When  accelerated  cooling  or  direct  quenching  was 
applied,  supercritical  rolling  was  preferable 
because  ferrite  formation  prior  to  the  cooling 
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Fig.  6  Effect  of  finish-rolling  temperature 
on  mechanical  properties  in  A7I0  steel 


(a)  1000°C  (b)  950T 

(c)  SOOT  (d)  7A0T 

Fig.  7  The  change  in  microstructure  of  A710 

steel  with  variation  of  finish  rolling 
temperature 


resulted  in  deterioration  of  the  mechanical 
properties.  Producing  bainite-dorainant 
microstructure  without  coarse  plolygonal  ferrite 
by  accelerated  cooling  is  more  effective  for 
increase  of  strength  than  producing  deformed 
ferrite  by  intercritical  rolling. 

The  changes  in  property  effected  by 
changing  the  cooling  rate  in  the  accelerated 
cooling  were  examined  using  steels  C  to  E  and 
are  shown  in  Fig.  8.  The  test  was  conducted 
under  the  conditons  where  finish  rolling 
temperature  was  810°C  and  aging  temperature 
600T.  As  to  the  cooling  rate  range,  rather 
slow  cooling  rate  of  4  to  10°C/s  was  applied, 
since  the  test  was  intended  for  thick  plates. 
As  shown  in  Fig.  8,  strength  and  toughness 
improve  with  an  increase  in  cooling  rate.  These 
effects  are  also  obserbed  in  the  slow  cooling 
rate  of  about  4T/s,  and  conspicuous  was  the 
effect  of  improvement  in  thoughness.  CR  steel 
almost  satisfies  the  requirement  of  YS460MPa 
steel  with  regard  to  strength,  but  accelerated 
cooling  is  advantageous  with  regard  to 
toughness. 

Figure  9  shows  the  changes  in 
microstructure  resulting  from  accelerated 
cooling.  Formation  of  polygonal  ferrite  with 
rather  rough  grains  is  observed  in  the  steel  on 
controlled  rolling  (CR  steel),  however, 
accelerated  cooling  suppresses  polygonal  ferrite 
formation  with  a  resultant  transformation  of  the 
structure  into  mainly  consisting  of  low-carbon 
bainite  with  improved  toughness. 


Fig.  8  Effect  of  cooling  rate  on  mechanical 
properties 
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Fig.  9  Change  in  microstructure  with  variation 
of  cooling  rate  (finishing  rolling 
temp.:  810°C,  1.28ZMn) 
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Fig.  10  Change  in  mechanical  properties  with 
variation  of  Mn  content 


Variation  of  properties  with  Mn  content  is 
shown  in  Fig.  10.  As  shown  in  the  figure,  it  is 
possible  to  improve  both  strength  and  toughness 
by  increasing  Ito  content.  Although  cooling  rate 
for  steel  plate  varies  with  plate  thickness,  the 
changes  in  property  with  the  difference  of 
cooling  rate  controllable  through  a  adjustment 
of  Mn  content.  It  can  be  seen  that  about  1.0  to 
1.3%  of  Mn  needs  to  be  added  for  plates  of  about 
25  to  AOmm  thickness  for  which  cooling  rate  of 
lOT/s  or  higher  may  be  applied  and  about  1.5% 
of  Mn  for  thick  plates  (50  to  75mm)  for  which 
cooling  rate  of  about  5°C/s  is  applied. 

PROPERTIES  OF  DEVELOPED  STEELS 

MANUFACTURING  PROCESS  -  Based  on  the 
laboratory  studies  described  in  the  preceding 
Chapter,  mill  trials  were  performed  in  order  to 
develop  YS460MPa  grade  steel  plate.  The  aimed 
properties  of  trial  plate  are  shown  in  Table  2. 
To  manufacture  the  steel  plates  with  thickness 
of  SOmm  and  75mm  respectively,  steels  having  the 
compositions  shown  in  Table  3  were  manufactured 
in  a  basic  oxygen  furnace.  With  the  basic 
composition  of  0.04%C-1 . 1%Cu-0.6%Ni-0.01%Nb- 
0.01%Ti,  the  30iiim  thick  steel  had  Mn  content  of 
1.28%  and  the  75mm  thick  steel  had  that  of 
1.48%.  Carbon  equivalent  in  each  steels  was 
Ceq(IIW)  <0.40  and  Pcra=0.17%  approx.,  which  are 
relatively  lower  value  despite  that  high 
strength  steel  is  aimed  at. 

For  these  steels,  the  optimum  condition  of 
controlled  rolling-direct  quenching  (CR-DQ)  as 
described  in  the  preceding  Chapter  was  applied 
in  the  rolling  mill.  To  get  enough  toughness  of 
the  base  metal ,  the  reheating  temperature  was 
kept  as  low  as  possible  or  in  the  range  from  950 
to  1000°C,  so  that  even  at  such  low  temperature 
range,  solute  Nb  can  be  maintained.  The  finish¬ 
rolling  temperature  was  set  in  the  range  of 
austenitic  single  phase  region  with  temperature 
higher  than  Arj  point. 

Immediately  after  rolling,  water  cooling 
was  conducted  by  OLAC  |l  equipment.  The  cooling 
rate  at  that  time  was  28°C/s  for  the  30mm  steel 
and  5"C/s  for  the  75mra  steel,  and  the  cooling 
stop  temperature  was  lower  than  200°C. 

Table  2  Requirements  for  YS460MPa  grade  steel 
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Table  3  Chemical  composition  (basic  oxygen  furnace) ,  wtl 


H 

H 

^9 

BjMjfl 

^^9 

BASE  METAL  PROPERTIES  -  The  mechanical 
properties  of  the  base  metal  after  aging  at 
temperature  in  the  range  from  550  to  650°C  are 
shown  in  Fig.  11,  where  the  properties  of  the 
steel  in  the  thickness  direction  classified  by 
position  (l/4t,  l/2t)  are  shown.  First,  a 

review  of  the  properties  of  30mra  ste<*l  shows 
that  strength  of  TS700MPa  is  obtained  from  aging 
at  550°C  and  TSSOOMPa  from  650‘’C. 

In  other  words,  varieties  of  strength 
levels  in  the  range  from  600  to  700MPa  can  be 
obtained  by  adjusting  the  aging  temperatue.  The 
yiled  stress  in  this  case  is  invariably  higher 
than  550MPa.  In  the  case  the  subject  steel  is 
YS460MPa,  it  is  possible  to  get  the  required 
strength  from  the  aging  condition  of  650°C. 
Examination  of  toughness  (vTrs)  shows  the  value 
of  about  -80°C  is  obtained  by  aging  at  550°C, 
and  toughness  improves  with  an  increase  in  aging 
temperature.  With  the  aging  temperature  of 
650°C,  the  value  of  vTrs  is  about  -120°C.  The 
absolute  values  in  all  cases  of  conditions  show 
excellent  properties,  which  little  vary  with 
plate  thickness  positon. 

On  the  other  hand,  the  75mm  steel  shows 
that  the  strength  level  is  generally  lower  than 
the  30mm  steel,  because  the  cooling  rate  is 
reduced  from  28°C/s  to  5°C/s.  However,  its 
strength  little  varies  witn  position  in  the 
thickness  direction,  and  the  required  properties 
can  be  derived  from  the  aging  temperature  in  the 
range  from  550  to  600°C.  In  this  case,  since 
the  toughness  (vTrs)  of  less  than  -80°C  is 
obtained  at  the  center  of  plate  thickness,  the 
steel  plate  has  sufficient  Charpy  impact 
toughness  as  the  base  metal  property. 


As  At(.  5!>0  600  e-SO  As  Ail  .‘^>50  600  6r»0 

AKtii>{  I  riii)W'r.Oiirr  I 

Fig.  II  Relationship  between  aging  temperature 
and  mechanical  properties 


To  examine  the  toughness  against  brittle 
crack  initiation,  the  base  metal  was  also 
subjected  to  a  CTOD  test  using  a  full-size 
(Bx2B)  test  piece.  Transition  curves  obtained 
from  the  test  result  are  shown  in  Fig.  12.  As 
is  evident  from  the  curves,  both  the  30mm  steel 
and  75mm  steel  showed  the  critical  CTOD  value  of 
larger  than  1mm  at  -10°C.  Even  at  a  lower 
temperature,  e.g.  at  -A0°C,  the  value  ( 5  x)  was 
O.^rara  or  more,  showing  excellent  toughness 
against  brittle  crack  initiation. 

Results  of  NRL  drop  weight  test  are  shown 
in  Table  A.  The  tested  material  was  a  30ram 
steel,  and  the  test  was  conducted  with  one  side 
of  the  plate  reduced  to  a  thickness  of  25mm.  As 
the  direction  of  crack  propagation,  both  the 
rolling  direction  (Direction  L)  and  the 
direction  perpendicular  to  the  rolling  direction 
(Direction  T)  were  subjected  to  the  test.  The 
NDT  temperature  was  -70  and  -85°C  respectively. 
This  level  may  be  satisfactory  as  the  steels 
with  approximate  strength  of  TS600MPa.  This  is 
the  result  of  reflection  of  the  controlled 
rolling  effect  and  the  microstructure  improving 
effect  achieved  by  application  of  accelerated 
cooling. 


m  60  4l>  >0 


Fig.  12  CTOD  test  results  of  base  metal 
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Table  4  Results  of  NRL  drop  weight  test 
(30iiim‘:  1.28ato) 
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oo 
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WELDED  JOINT  PROPERTIES  AND  WELDABILITY  - 
As  the  properties  of  welded  joint,  tensile 
strength,  hardness  distribution  and  the 
toughness  (Charpy  impact  property,  CTOD 
property)  at  each  position  of  welded  joint  were 
measured.  The  welded  joint  was  fabricated  by 
the  welding  process,  SAW  with  heat  input  of  45 
to  50kJ/cra.  Maximum  hardness  in  weld  heat- 
affected  zone  and  Tekken  Type  Y-slit  cracking 
test  were  also  conducted  to  examin  the 
weldability  and  low-temperature  crack 
susceptibility. 

The  results  of  tensile  tests  conducted  on 
the  welded  joint  of  the  30mm  steel  is  shown  in 
Table  5.  It  has  sufficient  welded  joint 
strength,  showing  the  tensile  strength  of  about 
610MPa.  Also,  since  the  ruptured  position  is 
located  in  the  base  metal,  there  occurs  little 
softening  in  HAZ  of  welded  joint.  Figure  13 
shows  a  hardness  distribution  at  each  position 
of  welded  joint.  Due  to  the  low-carbon 
composition,  no  detrimental  hardening  in  the  HAZ 
region  was  observed. 

Table  5  Tensile  test  results  of  welded  joint 
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Fig.  13  Hardness  distribution  of  weldment 


The  result  of  Charpy  test  conducted  on 
welded  joint  is  shown  in  Fig.  14  in  terms  of 
absorption  evergy  vE  at  -40°C.  The  test  pieces 
were  sampled  from  the  position  of  l/4t  region  of 
the  final  side.  In  the  30mra  steel,  in  the 
region  near  the  HAZ  Iram  from  the  fusion  line,  a 
lower  toughness  value  than  those  at  other 
positions  was  observed.  However,  since 
absorption  energy  higher  than  60J  was  obtained 
at  even  the  lowest  position,  a  satisfactry 
property  is  secured  compared  with  the 


requirement  in 

Table 

2. 

O 

300 

- 

S  o 

O 

250 

• 

JOfiiin 

l-'llMl  Mil.-  -,1 

200 

o 

7.5niiii 

• 

• 

ir.o 

O 

• 

•  • 

100 

'lO 

0 

8 

• 

U.hl 

IIK-L.i 

IIA/  !l.\/ 

Inn-  liiHii  ’.Mill' 

\"U  li  it,n 

Fig.  14 

Toughness  of  welded 

joint 

Fig.  15  CTC®  test  results  of  welded  joint 
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The  results  of  CTOD  tests  conducted  on 
welded  joints  are  shown  in  Fig.  15  with  respect 
to  the  30iiaii.  The  test  was  conducted  by 
introducing  notches  into  the  fusion  line  region 
and  the  HAZ  boundary  region  corresponding  to  the 
intercriticallly  reheatd  region.  As  shown  in 
Fig.  15,  the  test  result  for  the  HAZ  boundary 
region  shows  the  property  almost  equal  to  the 
base  metal  property  provided  as  a  reference  in 
the  figure,  i.e.  the  test  result  shows  a 
satisfactory  value  of  (5x>1.0mra  at  -10°C.  On 
the  other  hand,  the  transition  curve  for  the 
fusion  line  region  is  located  lower  than  that 
for  base  metal.  However,  it  can  be  seen  that 
the  property  is  well  exceeding  the  requirement 
even  in  the  most  brittle  region,  since  the 
critical  CTOD  value  at  -10°C  is  higher  than 
0.6mm.  In  the  case  of  CTOD  test  results  on 
welded  joint  of  75mm  thickness  plate,  the  fusion 
line  region  consisting  of  coarse  grains  also 
showed  the  lowest  value,  but  a  statisfactory 
property  of  t5x>0.4mm  was  obtained. 

Maximum  hardness  test  were  conducted 
according  to  JIS-Z3101  (Testing  Method  of 
Maximum  Hardness  of  in  Weld  Heat-affected  Zone). 
NB2N  was  used  as  an  electrode.  The  maximum 
hardness  in  that  case  showed  Hv(10)=258.  When 
the  strength  level  of  the  base  metal  is  taken 
into  consideration,  it  may  be  a  sufficiently  low 
value. 

To  examine  the  low-temperature  crack 
susceptibility  as  weldability,  an  oblique  Y-slit 
cracking  test  was  also  conducted.  The  test 
resits  for  the  30mm  steel  plate  showed  that  no 
cracking  occurred  in  the  tested  preheating 
temperature  range  from  75°C  down  to  25°C-  This 
results  indicate  the  possibility  of  dispensation 
with  preheating  in  the  welding. 

From  the  test  result  described  above,  it 
may  be  said  that  the  developed  steels  have  high 
toughness  in  HAZs  including  the  CTOD  property 
and  excellent  weldability  where  can  be  dispensed 
with  preheating.  This  may  be  attributed  to  the 
low  carbon  composition  in  which  carbon  content 
is  reduced  as  low  as  possible  by  effectively 
utilizing  the  age  precipitaion  of  Cu. 

CONCLUSION 

To  develop  YSA60MPa  grade  steel  plate  for 
offshore  structures,  the  effect  of  thermo¬ 
mechanical  process  on  the  mechanical  properties 
of  Cu  bearing  age-hardenable  steels  was 
exmained.  After  widely  ranged  research  on  the 
effect  cf  its  composition  and  processes  on  the 
properties,  following  results  were  obtained  in 
this  study. 

(1)  Application  of  accelerated  cooling  after 
contrleed  rolling,  and  aging  treatment  to  high 
Cu  steel  can  achieve  remarkable  improvement  of 
strength  and  toughness.  Cu  had  effects  on  both 
age  precipitaion  hardening  and  microstnctural 


improvement  through  controlled  rolling  and 
accelerated  cooling. 

(2)  The  basic  composition  of  developed  steels  is 
0 . 0A2C- 1 . 3/ 1 . 5%Mn- 1 . 1 2CU-0 . 6%Ni-0 . 0 1 INb-0 . 0 UTi 
system,  and  it  is  possible  to  obtained  the 
required  strength  by  appropriate  aging  treatment 
despite  the  low-carbon  equvalent  composition. 

(3)  Base  metal  toughness  showed  excellent  values 
as  a  result  of  application  of  TMCP,  i.e.  Charpy 
vTrs<-80°C  was  obtained  even  at  the  mid¬ 
thickness  of  plate,  and  the  critical  CTOD  value 
showed  (5  X  ino,.>1mra. 

(A)  The  properties  of  welded  joint  at  the  heat 
input  of  5.0kJ/mm  showed  sufficient  tensile 
strength  and  satisfactory  values  of  vE  ^uo,  >60J 
and  (5  X  m  o,.>0.4mm  even  in  the  coarse  grain 
region  of  HAZ. 

(5)  The  result  of  low-temperature  crack 
susceptibility  test  has  proved  that  the 
developed  steels  can  be  dispensed  with 
preheating. 
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ABSTRACT 

The  principal  objective  ot  this  research  is  to 
study  two  specific  col  umbi um-beari ng  steels 
with  increasing  manganese  contents  and  to 
determine  the  effect  of  manganese  using  two 
types  of  cooling  rates:  air-cooling  and  water¬ 
quenching,,  Moreover,  the  influence  of 
reheating  temperature  on  tte  'mechanical 
properties  of  these  particular  steels  was 
analysed  too.  The  studied  steels  have  the 
following  chemical  composition  Steels  I(low- 
carbon):  0.121  C,  O.OSdi  Cb,  0.23"'  Si,  1.10- 
4,71.  Mn.  Steels  II  (extra-low  carbon) ;  0.037,  C, 
0,041.  Cb,  0.15".  Si,  0,y6l-4.i5  Mn.  According 
to  results  Steels  I  show  an  increase  in  tensile 
pr-operties  when  manganese  addition  is  between 
1  1":  to  3',  Mn  but  from  3.'.  to  4.71T  Mn,  this 
element  does  not  produce  remarkable  effect  on  the 
tensile  properties  of  such  steels. 

Microstructure  of  Steels  ’  change  with  manganese 
content  and  cooling  rate  from  ferri te-pearl  ite 
to  bainite  and  martensite.  Steels  II  show  and 
increase  of  tensile  properties  as  manganese 
content  increases  from  0.36":  to  4,25",'  Mn, 
Microstructures  change  depending  upon  manganese 
content  and  the  cooling  rate,  from  polygonal 
ferrite  to  acicular  ferrite  and  bainite. 


INTRODUCTION 

STEELS  WITH  EXTRA-LOW  CARBON  contents  have  better 
toughness,  weldability  and  formabiiity  than  plain 
steels;  there  is  a  world  tendency  to  decrease 
carbon  content  in  order  to  improve  all  these 
properties.  However,  an  extra-low  carbon  content 
produces  a  low-strength  steel,  unless  it  would  be 
microalloyed  with  Columbian,  vanadium,  titanium 
or  alloyed  with  a  large  amount  of  elements  such 
as  manganese.  These  elements  could  strengthen 
steel  by  grain  refining,  precipitation  hardening 
or  by  solid  solution.  Moreover,  there  are 
process  techniques  like  contrclled  rolling  or 


quenching  and  tempering  which  properly  applied 
could  be  used  in  producing  steels  with  improved 
properties.  So  that,  for  low-carbon  contents, 
col umbi urn  microalloying,  increasing  manganese 
contents  and  cooling  after  rolling,  may  affect 
deeply  the  mechanical  behaviour  of  steels. 

A  properly  combination  of  all  these  factors  allow 
to  obtain  steels  with  a  wide  range  of  properties 

METALLURGICAL  FACTORS 

EFFECT  OF  CARBON  -  Carbon  is  one  of  the  most 
potent  and  cheapest  strengthening  elements 
Carbon  has  a  beneficial  influence  on  yield  and 
tensile  strength  but  steels  with  high  Cat  bOli 
amounts  exhibit  poor  toughness  and  weldability. 
Compared  to  higher  carbon  steels,  the  lower 
carbon  steels  have  a  lower  transition  temperature 
and  higher  absorbed  energy  in  an  impact  test  for 
a  given  strength.  Therefore,  the  carbon  content 
should  be  kept  low.  Carbon  is  also  the  main 
contributing  factor  in  all  carbon-equivalent 
formulas.  For  alloy  systems  that  produce 
acicular  structures,  carbon  has  a  deleterious 
influence  and  must  be  further  reduced  to  at  least 
0,10';  maximum,  and  to  0,06T  for  the  higher  alloy 
systems.  In  small  amounts,  the  principal  role  of 
carbon  is  to  favor  precipitation.  Consequently, 
carbon  could  be  specified  between  0.01  and  0,02' 
required  by  columbium-carbide  precipitation. 
Generally,  any  increase  above  this  level  is 
detrimental,  but  it  is  not  practical  to  specify 
carbon  contents  lower  than  0.06T  for  steelmaking. 
The  decrease  in  toughness  occurs  because  the 
high-carbon  regions  act  as  void-nucleation  sites 
during  impact  loading^.  Although  higher  carbon 
contents  aid  in  depressing  the  ferri te-pearl i te 
transformation  and  therefore  contribute  to  the 
formation  of  acicular  ferrite.  The  loss  of 
toughness  is  easily  compensated  by  increasing 
other  alloy  constituents  having  no  effect  on  the 
loss  of  toughness.  Grain  refining  and 
precipitation  hardening  have  a  helpful  influence 
on  the  strength  of  steels;  therefore,  the  levels 
of  carbon  and  alloying  elements  can  be  decreased 
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in  steels.  Modern  microalloyed  steels  use  carbon 
contents  lower  than  0.102. 

EFFECT  OF  MANGANESE  -  This  element  is 
normally  present  in  all  commercial  steels 
because  it  comes  from  used  raw  materials  and  is 
purposely  added  to  combat  the  detrimental  effect 
of  sulfur  and  oxygen  which  are  always  present  in 
steelmaking  processes.  Manganese  is  important  in 
steelmaking  because  it  deoxidizes  the  melt  and 
facilitates  the  hot  working  of  steel  by  reducing 
the  susceptibility  to  hot  shortness^.  Manganese 
combines  with  sulfur  to  form  manganese  sulfide 
stringers,  which  improve  theimachinabil ity  of 
steels;  otherwise,  steels  could  not  be  hot 
worked  because  with  no  manganese  in  the  melt, 
sulfur  would  react  forming  the  sharply 
embrittling  iron  sulfide^. 

Manganese  is  a  solid-solution  strengthener 
and  a  good  hardener  that  increases  strength  and 
does  not  impart  brittleness  to  the  steel.  Thus 
this  later  retains  its  ductility.  Also, 
manganese  is  a  promoter  of  toughness.  Most 
steels  contain  from  0.30  to  0,902  Mn.  From  0.90 
to  1,602  manganese  is  used  to  strengthen  and 
harden  steels  while  retaining  their  toughness. 
Manganese  tends  to  form  carbides  but  its  tendency 
is  weaker  than  in  the  case  of  elements  such  as 
chromium  or  titanium  but  stronger  than  iron.  With 
low-carbon  contents  manganese  dissolves  itself  in 
ferrite,  strengthening  it.  Increasing  manganese 
content  decreases  the  carpon  concent  of  the 
eutectoid  point  and  stabilizes  austenite 
depressing  the  ansteni te-to-ferri te  transforma¬ 
tion  temperature^. 

The  lower  the  austenite-to-ferrite 
temperature  the  wider  the  potential  temperature 
of  controlled  rolling.  In  mild  steels  in  which 
the  transformation  temperature  is  higher  than  the 
recrystallization  temperature  of  ferrite,  normal 
controlled  rolling  cf^cn  results  in  rolling  after 
the  austenite-to-ferrite  transformation,  which 
may  produce  coarse  recrystallized  ferrite  grains^. 
The  detrimental  effect  of  carbon  on  ductility 
avoids  its  use  for  transformation-temperature 
control,  as  a  result  high  manganese  contents  are 
desirable  for  control  1  ed-rol  1  ed  steels.  Manganese 
delays  the  transformation  temperature 
contributing  to  refine  ferritic  grain. 

Low-carbon  and  high-manganese  steels  tend  to  form 
acicular  ferrite  with  high  cooling  rates^ . 

If  the  temperature  at  which  bainite  starts 
to  form  could  be  depressed  while  maintaining  a 
low-carbon  weldable  composition,  steels  of  even 
higher  strength  could  be  developed  forming  fine¬ 
grained  acicular  ferrite,  This  temperature  of 
transformation  can  be  depressed  by  alloying 
elements  such  as  manganese  which  is  an 
attractive  choice^  Too  much  manganese,  however, 
would  depress  the  transformation  so  much  that 
bainite  would  be  formed  impa  ring  yield  strength 
and  toughness.  Manganese  is  usually  limited  to 
about  1.6  to  1.72,  but  higher  manganese  can  be 
tolerated  by  decreasing  carbon  content  and 
cooling  rate^  Manganese  decreases  the 
tem(ierature  at  which  martensite  is  formed  during 
quenching;  thus,  it  increases  the  likelihood  of 


retained  austenite  in  quenched  steels. 

Toughness  could  be  improved  by  a  reduction 
in  carbon.  However,  low-carbon  contents  could 
cause  the  formation  of  embrittl  ing-carbide 
filaments  on  the  ferrite  boundaries  if  they  are 
accompanied  by  low  manganese  contents  or  slow- 
cooling  rates  from  austenita.  In  order  to  avoid 
the  growing  of  reduc i ng-toughness  elements, 
larger  amounts  of  manganese  or  faster  cooling 
rates  rnust  be  used®. 

EFFECT  OF  COLUMBIUM  -  Columbium  affects  the 
three  critical  temperatures  of  austenite;  the 
grain  coarsening  temperature,  the  recristal 1 i za- 
tion  temperature  and  the  austenite-to-ferrite 
transformation  temperature.  An  understanding  of 
these  factors  allows  the  prediction  of  the 
response  of  austenite  to  thermomechanical 
processing^. 

When  the  reheating  temperature  of  the  ingot 
is  kept  below  the  grain  coarsening  temperature, 
the  columbium  carbonitride  average  size  is  very 
small  and  promotes  grain  refining  of  austenitic 
grain-  The  recrystallization  temperature  must 
be  as  high  as  possible  to  allow  as  much  deforma¬ 
tion  as  possible  (the  largest  number  of  rolling 
passes)  to  occur  below  the  recrystallization 
temperature;  the  induced  precipitation  of 
carboni tri des  of  columbium  by  strain  prevents 
recrystallization  of  the  heavily  deformed 
austenitic  grains  during  hot  rolling^.  Columbium 
is  more  efficient  than  titanium  and  vanadium  to 
rise  the  -ecrystal  1  i zation  temperature;  thus, 
columbium  is  generally  used  to  increase  the 
recrystallization  temperature.  Also,  columbium 
strengthens  steels  by  precipi tation  hardening. 
Although  precipitation  of  columbium  is  important 
for  proper  conditioning  of  austenite  during 
thermomechanical  processing,  enough  columbium 
must  be  left  in  solution  in  the 'austenite  to 
provide  for  precipitation  hardening  of  ferrite. 
The  amount  of  precipitates  formed  in  the 
austenite  should  be  the  minimum  required  to 
produce  this  effect.  The  columbium  contents 
must  be  enough  so  as  it  remains  in  solution  to 
promote  hardenabi  1  i ty  and  hardening  precipita¬ 
tion  in  steel  thus  helping  grain  refining'. 

PROCESSING  FACTORS 

REHEATING  TEMPERATURE  -  The  ingot  reheating 
temperature  determine  the  initial  austenitic 
grain  size  and  the  condition  of  microalloying 
elements  High  reheating  tempera'^^ures  favor  large 
starting  austenitic  grain  sizes  and  dissolution 
of  most  microalloying  elements  In  general,  high 
reheating  temperatures  are  associated  with  higher 
strengths  and  poor  resistance  to  brittle 
fracture  Low  reheating  temperatures  produce 
the  opposite  results  Hence,  thick  sections 
should  be  rolled  using  lower  reheating 
temperatures  to  produce  optimum  toughness.  Thin 
strip,  where  high  strength  is  an  advantage, 
should  be  heated  using  higher  reheating 
temperatures  . 

DIRECT  QUENCHING  -  This  process  promotes 
important  phase  transformations  of  austenite, 
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leading  to  achieve  structures  such  as  acicular- 
ferrite,  bainite  or  martensite,  depending  on  the 
hardenabil ity  of  steel  and  the  cooling  rate. 
Beneficial  structures  will  be  only  obtained  with 
a  proper  balance  between  hardenabi 1 ity  which 
depends  on  chemical  composition,  and  cooling  rate 
which  in  turn  depends  on  plate  gage  and  the 
severity  of  the  cooling  medium, 

EXPERIMENTAL  PROCEDURES 

The  produced  steels  have  the  following 
chemical  composition:  Steels  I  (low-carbon): 
0.12-';C,  0.053TCb,  0,23LSi,  1 . 10-4 . 71?iMn .  Steels 
II  (extra-low  carbon):  0,G37TC,  0.04r''Cb,  0,15" 
Si,  0. 96  -4 . 15:  Mn.  Both  type  of  steels  were 
molten  in  a  250-kg  induction  furnace.  A  scrap 
steel  with  0,28' C  was  used,  this  scrap  was 
decarburized  adding  oxygen  to  the'bath.  The 
melted  steel  was  tapped  at  1670°Can‘d  cast  into 
5-kg  ingots,  with  the  following  dimensions; 

37-rrim  thick,  50-mm  wide  and  250-mm  high. 
Subsequently,  tiie  ingots  were  thermomechanical  ly 
treated:  each  ingot  was  reheated  at  temperatures 
between  1050  and  1250°C  and  were  rolled  into 
plates  in  a  50-tons  rolling  mill,  until  getting 
a  57  reduction,  using  constant  load  and  speed. 
The  finish-rolling  temperature  was  850''C.  After 
rolling  the  plates  were  air-cooled  or  water- 
quenched.  Finally,  specimens  were  taken  from 
each  plate  for  chemical  and  metal  Icgraphic 
analvses,  and  also  for  mechanical  testing.  The 
temperature  in  the  ingots  during  rolling  was 
monitored  with  a  therm.ocouple  placed  at  the 
middle  of  the  ingot  thickness.  Chemical 
compositions  of  studied  laboratory  steels  are 
shown  in  Table  I 

Specimens  were  taken  out  from  each  ingot 
according  to  the  ASTM  A-370  specification 
Among  the  properties  determined  were;  yield 
strength,  tensile  strength,  elongation,  Rockwell 
hardness  and  impact  transition  temperature  which 
was  determined  for  20-Joules;  all  results  are 
shov.’n  in  Tables  II  and  III. 

..ISCUSSION  OF  EXPERIMENTAL  RESULTS 

COMBINED  EFFECT  OF  MANGANESE  AND 
QUENCHING  -  In  general,  increasing  the 
manganese  content  improves  strength  but  elongation 
decreases;  the  transition  temperature  increases 
with  manganese  content  but  this  effect  is  related 
to  the  phase  transformation  induced  by  cooling. 

In  low-carbon  steels  I  (Figure  1)  for  air¬ 
cooled  steels,  manganese  produces  an  i;icrease  in 
yield  strength  of  147  MPa  per  1  of  manganese.  In 
water-quenched  steels,  between  1  5  and  3  Mn,  an 
increase  of  372  MPa  per  1  Mn  is  produced. 
Manganese  contents  from  3  to  4  71  does  not 
increase  the  yield  strength  in  water-quenched 
steels,  because  these  steels  reach  a  martensitic 
structure  difficult  to  be  hardened;  thus,  it  is 
not  very  convenient  to  rise  the  manganese  content 
above  3  in  order  to  improve  the  yield  strennth. 
The  elongation  decreases  as  the  manganese  content 
becomes  higher  (Figure  2)  in  both;  air-cooled  and 
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Figure  1.  Influence  of  manganese  on  strength  of  - 

low-carbon  steels  I.  With  0.108  -0.132  C, 

0.045  -0.066  Cb  and  manganese  between  1.10  and 
4.71  Mn 

water-quenched  steels  The  transition  temperature  ^ 

of  air-cooled  steels  depends  upon  the  changes  of 

microstructure  (Figure  3).  Initially,  the  matrix  1 

is  ferrite-pearl  ite.  As  the  manganese  content 

increases,  it  appears  acicular  ferrite  and  I 

bainite  iFigure  4).  Steels  with  a  bainitic 

matrix  have  an  increase  in  the  transition 

temperature  which  decreases  vnth  the  appearence 

of  martensite.  Water-quenched  steels  do  not  show 

a  specific  behaviour. 
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Figure  2  Influence  of  manganese  on  elongation 
of  low-carbon  steels  1.  With  0.11  -0.13  C, 
0.045  -0.06b  Cb  and  nianqanese  between  1.10  and 

4.71  Mn. 

In  extra-low  carbon  steels  II,  manganese 
increases  the  strennth  of  air-cooled  steels  Iht 
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TABLE  I.  CHEMICAL  COMPOSITION  OF  EXPERIMENTAL 
STEELS. 


STEEL 

Carbon 

Columbium 

Manganese 

Si  1  icon 

A1  umi  ni  urn 

Phosphorus 

Sulfur 

I.-A 

0.132 

0.045 

1.10 

0.20 

0.030 

0.010 

0,030 

l-B 

0.118 

0.049 

1.62 

0.23 

0.026 

0.012 

0.024 

L-C 

0.113 

0.048 

2.21 

0.22 

0,025 

0,013 

0.024 

I-D 

0.109 

0.053 

2.71 

0.23 

0,036 

0,013 

0.023 

I-E 

0.108 

0.047 

2.90 

0.22 

0.032 

0.013 

0.024 

I-F 

0,132 

0.066 

3.65 

0.24 

0.039 

U.013 

0.022 

I-G 

0.124 

0.049 

4.00 

0.21 

0.038 

0,011 

0,022 

I-H 

0.113 

0.058 

4.55 

0.21 

0.039 

0.014 

0.021 

I-l 

0.129 

0,058 

4.52 

0.21 

0.039 

0.014 

0.020 

I-J 

0,122 

0,060 

4.71 

0.20 

0.039 

0.014 

0,015 

II-A 

0,037 

0.037 

0.96 

0.15 

0.014 

0,011 

0,026 

II-B 

0,038 

0.038 

1.55 

0.14 

0.021 

0,010 

0,024 

II-C 

0.038 

0.042 

2.27 

0.15 

0.023 

0.011 

0.022 

II-D 

0.038 

0.043 

2.81 

0.15 

0.023 

0.011 

0.022 

Il-E 

0,035 

0.053 

3.40 

0.15 

0.029 

0,012 

0,021 

n-F 

0.037 

0.061 

3.89 

0.16 

0.034 

0.012 

0.020 

II-G 

0,034 

0,058 

4,15 

0,17 

0.028 

0,013 

0.018 

STEEL 

TABLE  ir,  MECHANICAL  PROPERTIES  OF  LOW-CARBON  STEELS  I, 

Seneatinq  Yield  Tensile  u  j  i-rx  -r  t  ■ 

Temperat^  Strength  Strength,  Elongation  Hardness  ITT  Type  of  Cool i ng. 

°C  MPa  MPa  %  °C 

I-Al 

4ir 

Z9 

■■■■■•lel  •  1  kl 

rr2 

A 

I-A2 

1250 

451 

510 

32 

81HRB 

-25 

A 

l-Bl 

669 

29 

—/r~ 

1-72 

1150 

657 

784 

20 

26HRB 

-25 

Q 

;  -63 

1250 

431 

578  ■ 

30 

88HRB 

-34 

A 

1-Cl 

1150 

27 

-23 

A 

1-C2 

1150 

11 

37HRC 

-34 

Q 

L-C3 

1250 

25 

93HRB 

-18 

A 

I-Dl 

578 

716 

20 

20HRC 

-  8 

A 

I-D2 

1150 

1137 

1245 

11 

41HRC 

-24 

A 

1250 

598 

784 

18 

20HRC 

-  8 

A 

IBsS 

1150 

676 

902 

14 

SIJhrc 

4 

A 

I-E2 

1150 

1167 

1274 

9 

40HRC 

-59 

Q 

I-E3 

578 

784 

11 

38HRC 

-- 

A 

1-Fl 

1150 

30HRC 

11 

A 

I-F2 

1150 

40HRC 

-59 

Q 

I-F3 

1250 

26HRC 

-10 

A 

I-Gl 

■I  i!H| 

990 

6 

-25 

A 

I-G2 

1284 

14 

35HRC 

5 

Q 

I-G3 

■EiSi 

1067 

9 

42HRC 

— 

A 

I-Hl 

1150 

921 

1147 

8 

— 

A 

I-H2 

1150 

1088 

1294 

10 

42HRC 

-36 

Q 

I-H3 

1250 

931 

931 

4 

39HRC 

A 

TErr~ 

912 

1186 

2 

-- 

A 

I-I2 

1068 

1068 

1 

42HRC 

-- 

Q 

I-I3 

1250 

323 

1039 

1 

39HRC 

-- 

A 

I-Jl 

12 

— 

A 

1-J2 

1150 

1225 

1225 

1 

43HRC 

— 

0 

I-J3 

1250 

1157 

1255 

9 

40HRC 

— 

A 

A  =  Air  -  cooled  cteel .  Q  =  Water  -  Quenched 
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TABLE  III.  MECHANICAL  PROPERTIES  OF  EXTRA-LOW  CARBON  STEELS  II. 


STEEL 

Reheating 

Temperature 

°C 

Yield 

Strength, 

MPa 

Tensile 

Strength, 

MPa 

Elongation 

% 

Hardness 

ITT  Type  of  Cooling 

°C 

n-Ai 

1050 

343 

412 

42 

-53 

A 

II-A2 

1050 

421 

510 

28 

89HRB 

-76 

Q 

I.I-A3 

1100 

363 

431 

39 

73HRB 

-53 

A 

I  I.-A4 

1100 

421 

510 

35 

86HRB 

-65 

Q 

1,1 -B1 

402 

39 

80HRB 

-63 

A 

n-B2 

451 

588 

28 

90HRB 

-77 

Q 

n-B3 

1175 

402 

490 

35 

80HRB 

-53 

A 

n-B4 

392 

500 

35 

81HRB 

-46 

A 

II-CI 

421 

559 

27 

88HRB 

-17 

A 

I1-C2 

1100 

676 

774 

18 

23HRB 

-53 

Q 

1I-C3 

1175 

441 

588 

27 

88HRB 

-21 

A 

n-c4 

1250 

441 

559 

25 

86HRB 

A 

LI-Dl 

1100 

500 

26 

A 

II-D2 

1100 

784 

892 

16 

31HRC 

-53 

Q 

II-D3 

1175 

510 

627 

24 

92HRB 

-  8 

A 

II-D4 

1250 

500 

627 

25 

91HRB 

-  4 

A 

II-El 

1100 

598 

716 

20 

96HRB 

-23 

A 

II-E2 

1100 

892 

980 

14 

36HRC 

-30 

Q 

II-E3 

1175 

578 

706 

23 

97HRB 

-  7 

A 

II-E4 

1175 

882 

990 

14 

32HRC 

-42 

Q 

II-E5 

1250 

588 

725 

18 

96HRB 

-  2 

A 

II-Fl 

1100 

637 

765 

18 

21HRC 

-20 

A 

II-F2 

1100 

912 

1000 

10 

33HRC 

-12 

Q 

II-F3 

1175 

618 

765 

17 

21HRC 

-13 

A 

II-F4 

1175 

912 

1010 

11 

34HRC 

.. 

Q 

II-F5 

1250 

647 

774 

15 

21HRC 

-12 

A 

II-Gl 

1100 

706 

843 

12 

.. 

A 

II-G2 

1100 

961 

1039 

9 

36HRC 

1 

Q 

II-G3 

1175 

716 

823 

10 

22HRC 

.. 

A 

II-G4 

1250 

686 

823 

15 

22HRC 

44 

A 

A  =  Air  -  cooled  steel  .  Q  =  Water  -  quenched. 

increase  in  yield  strength  is  108  MPa  per  !?■  Mn; 
and  the  efficiency  in  water-quenched  steels  is 
167  MPa  per  \%  Mn  but  elongation  decreases 
(Figures  5-6).  The  transition  temperature  rises 
in  both  air-cooled,  and  water-quenched  steels  with 
the  increase  of  manganese.  Initially,  steels 
have  a  ferritic  structure  (Figure  7)  when  the 
..langanese  content  is  low,  but  as  manganese 
content  increases  structure  becomes  more 
acicular  (Figure  8)  being  acicular  ferrite  with 
small  amounts  of  manganese  and  bainitic  when 
manganese  content  is  increased  or  quenching  is 
appl  ied. 

EFFECT  OF  QUENCHING  -  Quenching  allows  to 
get  higher  strength  properties  but  it  lowers 
ductility  of  steel.  In  general,  water-quenched 
steels  have  lower  transition  temperature  than 
air-cooled  steels.  Quenching  involves  faster 
cooling  rates,  which  could  promote  finer  and 
acicular  structures.  In  steels  II  (Figure  7)  the 
transition  temperature  of  water-quenched  steels 
is  lower  than  air-cooled  steels.  In  steel  II,  it 
is  possible  to  reach  transition  temperatures  as 
low  as  -77°C  if  quenching  is  applied,  (Table  III). 
The  better  transition  temperature  are  obtained 
with  manganese  contents  not  higher  than  2%  in 
'.■/at°r-q'jcr,cheu  steels. 


MANGANESE.  I 

Figure  3,  Influence  of  manganese  on  transition 
temperature  of  low-carbon  steels  I.  With 
0,11%-0.13X  C,  0.045%-0,0667o  Cb  and  manganese 
between  1.10*,  and  4./i7o  Mn. 
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Figure  4.  Microstructures  of  low-carbon  steels 
I.  I-Bl  (air  cooled  with  a  ferri te-pearl i te 
matrix)  and  I-B2  (quenched  with  a  bainitic 
matrix)  with  0.13\  C,  0.049  Cb  and  1,62'  Mn. 

I-Hl  (air-cooled  with  a  bainitic  matrix)  and 
I-H2  (quenched  with  martensitic  matrix)  with 
0.113,.  C,  0  OSSF  Cb  and  4.55"  Mn. 

EFFECT  OF  REHEATING  TEMPERATURE  - 
increasing  the  reheating  temperature  of  the 
ingot,  increases  slightly  the  yield  and  tensile 
strength;  although,  the  transition  temperature 
decreases.  Steels  with  tie  same  composition,  for 
instance,  steel  I-Bl  with  a  reheating  temperature 
of  IISO^'C,  reaches  a  yield  strength  value  of 
412  MPa  and  I-B2,  431  MPa  as  shown  in  Table  II; 
the  transition  temperature  decreases  showing 
small  effect.  Steels  II  have  the  same  tendency. 
This  effect  is  related  to  tho  more  complete 
dissolution  of  carboni trides  at  higher 
temperatures  which  enhances  the  hardening  precipi 
tation  influence  of  columbium.  In  order  to  ~ 
maintain  lower  transition  temperatures  where 
necessary,  it  is  advisable  to  rehear  the  ingot 
at  low  temperatures. 


Figure  5  Influence  of  manganese  on  strength  of 
extra-low  carbon  steels  II.  With  O.OST-O.OSl  C, 
0.037-0.061  fh  and  manganese  between  0.96.-  and 
4.15  Mn. 
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Figure  6.  Influence  of  manganese  on  elongation 
of  extra -low  carbon  steels  II  With  0 ,032-0.04"  C, 
0.037-0.061  Cb  and  manganese  between  0,96'  and 
4. IS"  Mn 


SUMMARY 

1.  Low-Carbon  Steels  I.  Manganese  contents  in 
the  range  of  1.10  and  32  and  for  both,  air-colled 
and  water-quenched  steels,  increase  yield  and 
tensile  strength  and  its  influence  on  transition 
Lemperature  depends  on  the  phase  transformation 
induced  by  quenching  and  the  manganese  level.  For 
values  0.  manganese  petween  2%  and  4.71%  in  water- 
quenched  steels  manganese  does  not  produce  any 
increase  in  strength  properties  as  its  content 
is  increased.  On  this  range,  martensitic 


structure  are  developed.  For  air-cooled  steels, 
manganese  increase  the  strength  properties  as  its 
content  is  increased. 

2.  Extra-low  carbon.  Steels  II.  For  manganese 
content  between  0.96%  and  4.15%,  the  yield  and 
tensile  strength  increase  as  the'manganese 
content  is  gradually  rised.  This  tendency  ij 
observed  in  both,  air-cooled  and  water-quenched 
steels.  For  low  manganese  contents  a  low 
transition  temperature  is  reached,  but  increases 
with  the  manganese  content;  manganese  and 
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quenching  promote  bainitic  structures  in  steels 
as  the  manganese  content  increases  from  0.96%  to 
4.25‘i. 
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Figure  7  Influence  on  transition  temperature  of 
extra-1  ow  carbon  steels  II.  With  0.03  -0.04  C, 
0.037  .-0.06r,  Cb  and  manganese  between  0.96'  and 
4.1  St  Mn. 
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ABSTRACT 

A  study  was  made  on  the  improvement  in  toughness  of 
high-strength,  heavy-gauge  line  pipe  steel  for  low-temperature 
service.  It  is  difficult  to  obtain  high-toughness  in  the  weld 
heat-atfected  zone,  particularly  when  strength  is  increased  or 
large  heat  input  welding  is  applied,  Titanium-o.xide  steel  has 
been  developed  for  obtaining  high  HAZ  toughness  even  for 
such  cases,  based  on  the  finding  that  titanium-oxide  particles, 
dispersed  finely  in  the  base  material,  can  work  as  nuclei  of  fine 
acicular  ferrite  (  intergranular  ferrite  plate),  so  that  coarse 
grains  near  the  fusion  line  of  the  HAZ  can  be  effectively 
refined.  In  the  present  research,  the  effect  of  microalloying  of 
Nb,  Mo  or  B  on  the  microstructure  and  toughness  of  the  HAZ 
of  titanium-oxide  steel  has  been  studied.  It  has  been  found 
that  increasing  alloying  elements  suppresses  the  growth  of 
ferrite  or  ferrite  sideplate  from  coarse  7  grain  boundaries, 
increases  area  fraction  of  IFP,  and  as  a  result  improves  HAZ 
toughness.  The  line  pipe  steel  manufactured  based  on  the 
results  of  the  present  fundamental  research  has  shown  e.xccl- 
lent  toughness  in  the  HAZ  ot  large  heat-input  welding, 

INTRODUCTION 

As  offshore  energy  resources  such  as  oil  and  natural  gas 
are  being  exploited,  the  quality  required  for  line  pipe  steel  has 
become  sophisticated.  Since  those  energy  resources  arc  being 
extracted  in  deeper  waters  and  colder  districts,  it  is  expected 
that  higher  strength  line  pipe  of  greater  wall  thickness  with 
'’ip''rior  low-temperarur.'  t  rugluiess  will  ue  mure  and  mure 
required.  As  far  as  the  base  materials  of  line  pipe  arc  con¬ 
cerned,  it  is  relatively  easy  to  obtain  the  required  strength  and 
low-temperature  toughness  by  applying  the  recently-developed 
thermomechanical  process  (accelerated  cooling  after  con¬ 
trolled  rolling)''.  However,  as  for  the  weld  of  line  pipe,  par¬ 


ticularly  the  heat-affected  zone  (HAZ).  it  is  far  from  easy  to 
attain  the  required  level  of  low-temperature  toughness.  Metal 
lurgical  factors  which  govern  the  HAZ  toughness  include 
coarse  grains  near  the  fusion  line  (FL).  hard  phase  (low- 
temperature  transformation  product,  such  as  martensite- 
austenite  constituent  or  high  carbon  martensite  island.  M*). 
intergranular  embrittlement,  hot  strain  embrittlement  (HSE) 
and  nonmctallic  inclusios.  Among  these  factors,  the  first  two 
arc  particularly  important.  Many  studies  have  been  carried  out 
on  the  refinement  of  HAZ  microstructure.  A  typical  example 
is  the  development  of  titanium-nitride  (TiN)  steel’*''’*.  TiN 
steel  utilizes  fine  titanium-nitride  particles  dispersed  in  a  steel 
for  suppressing  the  coarsening  of  austenite  (7)  grains  in  tlie 
HAZ,  thereby  enabling  the  HAZ  microstructure  to  be  refined. 
In  the  region  reheated  higher  than  1400°C  near  the  fusion  line, 
however,  TiN  particles  coarsen  or  dissolve  and  lose  their  effect, 
resulting  in  the  formation  of  a  local  brittle  zone  (LBZl'**, 
which  has  been  thought  inevitable  in  any  steel. 

Titanium-oxide  (FiO)  steel  is  a  newly-developed  steel 
having  excellent  toughness  in  the  entire  HAZ.  This  new  steel 
features  fine  HAZ  microstructure  made  possible  by  dispersion 
of  fine  titanium-oxide  particles,  which  are  stable  even  at 
temperatures  above  1400°C,  and  by  formation  of  intragranular 
ferrite  plate  (IFP)  nucleated  from  those  particles.  The  tech 
nique  of  refining  the  microstructure  by  utilizing  titanium- 
oxides  as  the  nuclei  of  IFP  has  been  established  as  a  method  of 
improving  the  toughness  of  weld  metal’*.  TiO  steel  is  an 
innovative  steel  which  applies  this  technique  to  the 
ment  in  HAZ  toughness  by  dispersing  fine  titanium-oxides  in 
the  steel  making  to  continuous  casting  process.  The  present 
paper  briefly  introduces  the  toughness-improving  mechanism 
of  TiO  steel,  and  then  describes  the  effects  of  Nb.  Mo  and  B 
on  the  properties  of  TiO  steel.  Also,  the  properties  of  Nb- 
microalloyed  TiO  steel  (X80)  are  introduced  together  with  the 
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examples  ot  the  practical  application  of  TiO  steel  to  heavy- 
gauge  UOE  pipe. 


TITANIUM  OXIDE  (TiO)  STEEL'’  “ 

Since  the  HAZ  is  reheated  to  the  high-temperature  7 
region  during  welding,  7  grains  coarsen  markedly.  Coarse  7 
giains  tend  to  produce  a  coarse  ferrite  sideplate  (ESP)  and 
upper  bainitic  microstrm  ture  (Bui,  causing  the  HAZ  tough 
ne.ss  to  deteriorate  significantly.  Thus,  in  order  to  improve 
HAZ  toughness,  it  is  of  prime  importance  to  refine  the  HAZ 
microstructure.  From  the  metallurgical  viewpoint,  there  are 
two  tnethods  of  refining  the  effective  grain  size  of  the  HAZ 
microstructure.  One  is  to  prevent  the  coarsening  of  7  grains  bv 
fine  precipitates.  The  other  is  to  cause  an  intragranular  trails 
formation  in  coarse  7  grains  using  fine  precipitates  as  the 
nuclei,  thereby  making  the  ultimate  microstructure  fine.  A 
tvpical  example  of  practical  application  of  the  first  method  is 
TiN  steel.  As  already  mentioned,  however,  TiN  steel  cannot  be 
a  truly  effectiye  method  of  preyenting  the  coarsening  of  7 
grains  near  the  fusion  line,  since  TiN  particles  coarsen  or 
dissolve  in  the  HAZ  reheated  at  high  temperature  above 
tdOO'C.  TiO  steel  is  a  new  steel  providing  high  HAZ  toughne.ss 
through  the  effect  of  both  methods,  particularly  of  the  second 
one.  TiO  steel  refines  the  microstructure  transformed  from 
coarse  7  grains  near  FI.  bv  utilizing  IFP  nucleated  radially 
from  fine  Ti-oxide  particles  dispersed  in  the  steel,  and  at  the 
same  time,  suppresses  the  coarsening  of  7  grains  bv  the  effect 
of  fine  TiN  precipitates,  as  does  TiN  steel,  at  the  temperature 
range  below  14l)0'C,  The  concept  of  refining  HAZ  micro¬ 
structure  and  basic  characteristics  ot  TiO  steel  are  described 
below'. 

In  order  to  utilize  IFP  in  the  HAZ,  it  is  an  essential  pre 
rc(.|uisite  to  disperse  tine  Ti oxide  particles  in  the  steel  so  that 
IFP  is  nucleated  from  them.  In  the  process  of  manufacturing 
TiO  steel,  it  is  therefore  important  to  control  the  contents  ot 
Ti,  N  and  O  in  proper  balance  and  to  minimize  the  Al  content 


I'ilj.  1  If'P  iiiitiatctl  from  I'l-oxitlc  particles  in  specimen 
qiienclieil  from  6U0  (' rhirin^  cnoliiif*  of  simiilaletl 
thermal  cycle  {esr?! 


which  impedes  the  formation  of  Ti-oxides  iiorinally  30ppm  or 
less).  Figure  1  shows  an  example  of  IFP  initiated  from  Ti 
oxide  particles  in  such  low  Al  steel'*  .  This  microstructure  was 
obtained  by  quenching  a  specimen  from  600'C  during  the 
cocriing  of  a  simulated  HAZ  test  peak  temperature:  1401)  C, 
cooling  time  from  80U'C  to  SOO"'”'  I92sec).  The  IFF  nude 
ates  and  grows  radially  from  the  Ti-oxide  particles  dispersing 
inside  a  7  grain.  The  Ti-oxide  was  identified  as  Ti^Di  by  elec 
tron  diffraction.  In  most  cases  the  Ti-oxide  particles  coexists 
with  MnS.  Ahtly  and  ;Mn,  Si;  O  and  are  observed  in  the  form 
of  compound  piecipitates. 

Figure  2  shows  the  effect  of  peak  temperature  on  Charpy 
V-notcIi  transition  temperature  vTrs  of  a  simulated  HAZ  cor¬ 
responding  to  large  heat  input  welding**  .  In  the  TiN  steel,  the 
vTrs  remarkablv  rises  as  peak  temperature  rises  because  4iN 
begins  to  dissolve  at  a  temperature  highc"’  than  1400'C.  In 
contrast  to  this,  the  vTrs  of  the  TiO  steel  changes  little  with 
peak  temperature,  indicating  that  the  Ti-oxide  is  chemically 
stable  even  at  a  peak  temperature  of  1450^C  and  effectivelx 
serves  as  the  nucleus  of  I  FP. 

Another  feature  of  TiO  steel  is  the  formation  of  IFP  over 
a  w'ide  range  of  cooling  rates.  For  example,  a  study  of  the 
transformation  char.icteristic  of  a  TiO  steel  0.08"<)C-1.  6"r''Mn- 
().()  1  .y^i'Nb-O.0 1 4"'Ti)  showed  that  an  IFP  was  formed  over  an 
extremely  wide  range  of  cooling  rates,  from  0. .VC,' sec  to 
riO  C 'sec'*  .  suggesting  wide  applicabilit)'  of  TiO  .steel  to  sari 
ous  (from  small  to  large  heat  input  welding. 
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Steel  C  Si  Mn  P  S  Al  Ti  N 
TiO  0.08  0.20  1.4  0.01  0.001  0.002  0.012  0.0020 
TiN  0.08  0.20  1.4  0.01  0.001  0.020  0.018  0.0050 

F-'ij;.  2  (4uti)^  in  Cliatpy-V  noltli  tr.insition  teiiipcr.mirt' 

<»r  .siimikiti'il  HAZ  with  peak  tempcratini') ' 
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MICROALLOYINC  OF  Nb,  Mo  AND  B 
Experimental  Procedure 

The  steels  with  various  Nb.  Mo  and  B  contents  shown  in 
Table  1  were  vacuum-melted  in  300  kg  heats  and  cast  into 
175nim  thick  ingots.  All  steels  were  TiO  steel  with  low  Al 
content.  The  ingots  were  controlled-rolled  to  38mm  thick 
plates  after  reheating  at  1100°C  for  1  hr.  and  accelerated 
cooled  at  a  rate  of  15°C/s  to  approximately  450°C  and  then 
air  cooled.  The  rolling  conditions  were  as  follows:  cumulative 
reduction  below  900°C.  70%;  finish  rolling  temperature,  about 
780  C.  Plate  tensile  properties  were  examined  by  using  full¬ 
thickness  tensile  specimens. 

Each  plate  was  welded  by  double  submerged-arc  welding 
method  with  a  heat  input  of  115kJ/cm.  The  HAZ  micro¬ 
structures  were  examined  using  3%  nital  etchant,  and  the 
formation  of  M*  was  examined  using  modified  Lepera 
etchant*"*.  Steels  containing  B  were  subjected  to  fission  track 
etching  FTE)  to  reveal  the  distribution  of  B.  HAZ  toughness 
was  evaluated  bv  a  2mm  V-notch  Charpv  test  at  different 
notch  locations. 


Table  I  Chemical  compositions. 

_ _ _ (v»t%) 


Steel 

C 

Si 

Mn 

P 

S 

Al 

Nl 

Mo 

Nb 

Ti 

a 

N 

Nl 

0.055 

0.08 

1.55 

0.003 

0.002 

0.002 

0,35 

- 

- 

0.014 

- 

0,0030 

- 

0  010 

- 

N3 

- 

0,025 

- 

N4 

- 

0.038 

- 

Ml 

- 

0,020 

- 

M2 

0,07 

- 

M3 

0.15 

- 

M4 

0.23 

- 

B1 

- 

00004 

B2 

- 

00009 

B3 

- 

0  0013 

B4 

- 

0  0017 

Tensile  Properties  of  Base  Material 

Figure  3  shows  the  effect  of  microalloying  of  Nb.  Mo  and 
B  on  the  strength  of  base  material.  Typical  microstrcturcs  of 
base  material  arc  shown  in  Fig.  4,  As  the  amount  of  Nb  was 
increased,  the  tensile  strength  increased  almo.st  linearly,  the 
Increment  being  approximately  2kg/mm’  per  0.01%  Nb.  As  is 
evident  from  Fig.  4.  with  increasing  Nb  content,  ferrite  grains 
are  markedly  refined.  The  effects  of  Mo  and  B  addition  on  the 
tensile  strength  of  base  material  are  also  conspicuous.  A 
marked  increase  in  the  strength  was  obtained  with  the  forma¬ 
tion  of  fine-grained  bainitic  ferrite  (accicular  ferrite). 

From  these  results,  it  was  found  that  the  addition  of  Nb. 
Mo  or  B  was  very  effective  in  improving  the  strength  of  TiO 
steel,  as  is  the  ca.se  with  conventional  steel. 


B  Iwt  %l 

Fig.  3  Effect  of  microalloying  of  Nb.  Mo  and  B 
on  the  strength  of  base  material. 

(a). 


(a)  N1  steel  (Nb  free) 
(c) 


(c)  M4  steel  (0.02%Nb  -  0.23%Mo)  (d)  B2  steel  (0.02%Nb  -  0.0009%B) 

Fig.  4  Ellcct  of  microalloying  of  Nb,  Mo  and  B 
on  the  microstructure  of  base  material. 

HAZ  Toughness  and  Microstructure 

Figure  ,S  shows  the  effect  of  Nb  content  on  HAZ  tough- 
ne,ss.  The  HAZ  toughness  shows  a  peak  value  at  0.010"ij  Nb.  It 
does  not  deteriorate  even  when  the  Nb  content  is  increased  to 
0.038"'?).  This  is  a  unique  characteristic  of  Tiff  steel  considering 
that  conventional  steels  having  same  chemistry  show  a  tenden¬ 
cy  of  deterioration  in  HAZ  toughne,ss  when  Nb  content  is 
increased.  It  has  been  known  that  the  effect  of  Nb  addition  on 
HAZ  toughness  varies  according  to  the  C  content  and  that, 
when  the  C  content  is  approxiamately  0.06%,  the  HAZ  tough¬ 
ness  generally  deteriorates  with  increasing  Nb  content"'  *’  . 
This  is  considered  due  to  the  fact  that  the  addition  of  Nb 


lb)  - 


(b)  N4  stsel  10.038%  Nb) 


(d) 
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Fig.  5  Effect  of  Nh  content  on  the  hardness  and 
toughness  of  the  HAZ. 


cause.s  a  marked  growth  of  FSP.  which  is  detrimental  to  tough¬ 
ness.  while  the  formation  of  grain  boundary  allotriomorphs 
of  ferrite  .  F.\  )  is  suppressed  by  Nb  addition.  Yamamoto  et  al. 
studied  the  effect  of  a  small  amount  of  Nb  addition  (Nb=0  to 
0.0'15d  on  TiO  and  TiN  steels,  each  with  0.08%C-f -4%Mn  as 
the  base  composition,  using  simulated  HAZ  test  (cooling  time 
from  800°C  to  500°C,  161  sec)*'^  In  the  case  of  0.01%Nb  ad¬ 
dition,  TiN  steel  showed  a  toughness  deterioration  of  about 
40^C  (vTrs),  whereas  TiO  steel  showed  a  slight  improvement, 
rather  than  deterioration,  in  toughness.  According  toYama- 
moto,  this  is  mainly  due  to  the  fact  that  the  Nb  addition 
causes  a  coarse-grained  microstructure  consisting  of  FPS  to 
grow  in  TiN  steel,  whereas  it  promotes  IFP  formation  in  TiO 
steel.  Figure  6  shows  the  effect  of  Nb  content  on  HAZ  micro¬ 
structure.  It  can  be  seen  that  the  improvement  in  toughness  by 
the  addition  of  0.01%Nb  is  due  to  the  suppression  of  coarse 
Fa  and  FSP,  resulting  in  increase  in  volume  fraction  of  IFP 
■see  Fig.  7).  It  should  be  noted  that  the  IFP  retains  the  major 
microstructure  of  the  HAZ  even  when  the  Nb  content  is  in¬ 
creased  to  approximately  0.04%.  As  a  result,  only  a  modest 
detctioration  of  HAZ  toughnc.ss  with  increasing  Nb  content 
was  observed  despite  the  increase  in  HAZ  hardness  (see  Fig.  5). 
Steel  N4  with  Nb  content  of  0,038%  showed  a  HAZ  toughness 
almost  comparable  to  that  of  Nb-free  steel  Nl. 


Nb  (wt  %) 

Fig.  6  Effect  of  Nb  content  on  the  microstructure 
(region  within  1  50^. n  from  FL)  of  the  FIAZ. 


(b)  N2  steel  (0.010%  Nb) 

Fig.  7  Effect  of  Nh  addition  on  the  microstructure 
of  the  HAZ. 


Figure  8  shows  the  effect  of  Mo  content  on  the  micro¬ 
structure  and  toughness  of  the  HAZ  in  0.02%  Nb  steel.  It  can 
be  seen  that  the  HAZ  toughness  tends  to  improve  as  the  Mo 
content  is  increased.  As  for  the  microstructure,  the  improve¬ 
ment  in  bardenability  by  Mo  addition  sufficiently  suppresses 
coar.se  Fa  and  FSP,  and  the  marked  formation  of  IFP  is 
observed.  The  change  in  the  HAZ  microstructurc  cor¬ 
responds  to  the  change  in  the  HAZ  toughness.  Figure  9  com¬ 
pares  the  HAZ  microstructures  of  steels  Ml  and  M4.  Refine¬ 
ment  of  the  IFP,  as  well  as  the  suppression  of  coarse  Fa  and 
FSP,  can  be  observed.  Thus,  in  addition  to  the  increase  in 
volume  fraction  of  IFP,  the  refinement  of  IFP  may  partially 
contribute  to  improved  HAZ  toughness.  As  mentioned  above, 
it  was  found  that  the  addition  of  Mo  was  effective  in  improv¬ 
ing  the  HAZ  microstructurc  near  the  fusion  line.  However, 
excessive  addition  of  Mo  tends  to  increase  the  amount  of  M‘ 
in  intercritically  reheated  coarse-grained  HAZ.  It  is  known  that 
the  presence  of  M'  causes  the  HAZ  toughness  to  deteriorate, 
since  M‘  can  originate  brittle  ftacture'”.  In  the  present 
research,  the  amount  of  M‘  was  observed  to  increase,  in  the 
above-mentioned  region,  with  increasing  Mo  content.  It  should 
therefore  be  noted  that  there  exists  an  appropriate  Mo  content 
corresponding  to  the  required  HAZ  toughness  level. 

Figure  10  shows  the  effect  of  B  content  on  the  micro 
structure  and  toughness  of  the  HAZ  in  O.OZJh  Nb  steel.  The 
HAZ  toughness  improves  as  B  content  is  increased.  However, 
after  the  HAZ  toughness  shows  its  peak  value  at  0,0009'%  B,  it 
declines  sharply  with  increasing  B  content.  As  for  the  micro¬ 
structure,  the  addition  of  B  noticeably  suppresses  coarse  Fa 
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Fig.  8  Effect  of  Mo  contetit  on  the  hardness,  micro- 
structure  (region  within  1  50pni  from  FI.)  and 
toughness  of  the  HAZ. 


(a)  M1  steel  <0.02%Nb) 


f  ig.  Effect  of  Mo  addition  on  the  inicroscructure  of  the  HAZ. 

.iiitl  F'SP  .iik!  enlianccs  the  formation  of  IFP  uiuii  li  content 
re.icfies  0.0009%.  This  is  considcretl  due  to  tlie  increased 
hardenability  at  7  grain  boundary  by  B  addition.  The  HAZ 
rni(  rostructurc  s1k*ws  no  ttiarked  change  even  when  the  B 
content  is  increased  above  0.0009'^*.  licnce  tfic  deterioration  of 
HAZ  toughness  above  ().()()(yyyi>  B  cannot  be  explained  by  the 
change  in  HAZ  microstriicture,  Possible  causes  of  the  tough¬ 
ness  deterioration  are  the  formation  of  M‘  and  the  coarse 
precipitates  of  B  along  the  y  grain  boundaries.  The  ft)rmation 


0  0.0005  0.0010  0.0015  0.0020 

B  (wt  %) 


Fig.  in  Effect  of  B  contetit  on  the  hardness,  micro- 

structure  (region  within  ISO^tm  from  FL)and 
toughness  of  the  FIAZ. 


(a)  B1  steel  (0.0004%  B) 


(b)  B4  steel  (0.0017%  B) 

Fig.  1  1  Effect  of  B  content  on  the  lonnalion  of  M  ' . 


of  M*  in  tlie  HAZ  near  h  L  was  c.xamined  bv  nmdified  Lepera 
etching.  The  results  in  B1  and  B4  steels  are  shown  in  Fig.  1  \. 
Steel  B1  was  almost  free  of  M’,  whereas  steel  B4  revelaed 
marked  formation  of  M‘.  As  already  mentioned,  a  hard  pfiase 
such  as  M*  can  initiate  brittle  cracking,  hence  the  formation 
of  M*  can  be  considered  a  possible  cause  of  the  deterioration 
of  toughness.  As  lor  the  effect  of  B  precipitates,  it  has 

been  pointed  out  that  the  presence  of  coarse  Fc^i  (C'B^t,  along 
7  grain  boundaries  can  cause  voids,  which  ccvilcsce  to  initiate 
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brirtlc  tnicture,  tliereby  deteriorating  the  HAZ  toughness.''’'. 
In  the  present  research,  steel  B4  showed  no  intergranular 
fracture  in  a  Charpv  tracture  surface.  However,  an  FTE 
observation  showed  coarse  precipitates  of  B  in  steel  B4  {Fig. 
12h  suggesting  that  the  precipitates  of  B  inav  have  some 
adverse  effect  on  the  HAZ  toughnes'.  Like  Mo  steels.  B  steels 
revealed  the  formation  of  M'  in  the  intercritically  reheated 
coar.se-grained  HAZ  when  the  B  content  was  increased.  This 
also  suggests  that  excessive  addition  of  B  is  undesirable.  It 
should  be  noted  that  the  optimum  amount  of  B  depends  on 
the  welding  heat  input,  that  is.  the  cooling  rate  after  welding. 

So  far.  the  effects  of  Nb.  Mo  and  B  on  HAZ  tonghne.ss 
have  been  discussed.  It  was  found  that  each  of  the  elements 
was  effective  in  improving  the  HAZ  toughness  by  suppressing 
coarse  F^  and  FSP  through  improvement  in  hardenability 
suppression  of  7/Q  transformation)  and  by  increasing  the 
volume  fraction  of  IFP.  The  amount  of  addition  of  those 
elements  is  required  to  he  optimized  according  to  tlie  required 
levels  t>f  strength  and  low  temperature  toughness.  It  was  con 
firmed  that  high  strength  Till  line  pipe  having  superior  HAZ 
toughness  can  be  manufactured  by  making  the  imtst  effective 
use  of  those  alloving  elements. 

WM  BM 


(a)  B1  steel  (0.0004%  B) 

WM  BM 


(b)  B4  steel  (0.0017%  6) 

Fig.  1  2  Distribiition  ol  B  in  the  HAZ  near  FL 
revealed  by  the  FTF  method. 


HIGH-STRENGTH  (X80)  TiO  LINE  PIPE  STEEL 

This  section  introduces  the  results  of  laboratory  tests  on 
Nb-microalloyed.  high-strength  X80  line  pipe  steel.  As 
de.scribcd  in  the  preceding  section,  the  addition  id  Nb  in  I  ii ) 
steel  not  onlv  improves  the  strength  of  base  material  effective 
Iv,  but  also  enhances  the  formation  of  IFP  in  the  HAZ.  'There 
fore,  the  deterioration  of  HAZ  toughness  due  to  inere.ised 
strength  is  less  conspicuous  than  in  conventional  Nb  steels. 
Also,  as  can  be  seen  in  the  case  of  Mo  or  B  addition,  I  i( )  steel 
can  produce  sufficient  amount  of  IFP  even  when  its  harden 
ability  is  relatively  high.  Shown  below  are  properties  of  a  high 
Mn-Nb  XHO  TiO  line  pipe  steel,  in  comparison  with  those  ol 
TiN  steel. 

The  chemical  compositions  of  steels  are  shown  in  I'.ibli. 
2.  While  TiN  steel  contains  the  normal  .iniount  id  ,Al.  lit) 
steel  has  Al  content  reduced  to  such  level  .is  required  to  secure 
Ti-oxide  particles  as  the  nuclei  for  IFP  formation,  rhese  two 
steels  were  vacuum-melted  and  controlled-rolled  to  18  mm 
thick  plates  under  the  following  thermo-inechanic.il  process 
ing  conditions:  reheating  temperature  1  1  .SO  C:  cuinul.itive 
reduction  below  830  C  .ibout  78''i'>:  finish  rolling  tentper.i 
ture  7.30  C:  cooling  rate  id  accelerated  cooling  .To  (I  scc  : 
.iiul  stop  temperatur.  ol  .iccelerated  cooling  -  approxim.itelv 
430  (h  rhe  mechanical  properties  of  base  materials  are  shown 
in  r.ible  .3.  Both  steels  had  tine  ferrite  bainite  niicrostrucnire 
.ind  showed  sullicient  strength  .ind  tiiiighness  required  tor  XSo 
steel.  In  order  to  studv  the  HAZ.  toughness  of  e.ich  steel,  the 
pl.ites  were  welded  b\  double  submerged-.ire  weldiin;  method 
with  ,1  he.it  input  ol  .38k|  cm.  The  HAZ  toughness  is  shown  in 
Fig.  1,3.  TiN  steel  showed  low  energy  values  at  the  notch 
locations  of  HAZ  1  and  2  mm.  whereas  TiO  steel  h.id  high 
toughness  ,it  all  notch  locations.  The  HAZ  microstructures 


I.ihic  2  (  hcimtal  corn j>osin<ms  ol  TiO  and  TiN  XSO  linr  pipi' 


Steel 

C 

Si 

Mn 

P 

s 

Cu 

Ni 

Nb 

Al 

Ti 

Ceq  •) 

TiO 

0.08 

on 

1.83 

o.on 

0  004 

0,20 

0.21 

0.05 

0  003 

0.020 

0,42 

TiN 

0.08 

0,11 

1.89 

0.010 

0.004 

0.21 

0.19 

0.05 

0.023 

0,016 

0  41 

•)  Ceq.  =  C  ♦  Mn/6  +  (Ni  +  Cu)/15  +  (Cr  +  Mo  +  V)/5 


Tabic  3  Mechanical  properties  ol  TiO  and  TiN  XSO  steel  plate. 
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CO 
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18 

C 
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19.8 
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TiN 

18 

C 

606 

694 

36.0 

1/2t 

18.4 

-  90 
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F  ic.  13  (  harp\  V'  Jiotcli  iinpaci  cnerav  a(  Jilfc  t»t  notch 

locations  ot  scani  wi-Ul. 


APPLICATION  OF  TiO  STEEL  TO  ACTUAL  PROOUC: 
TION  OF  UOE  PIPE 

UOE  pipes  were  manufactured  cummercially  using  the 
TiO  steel,  and  their  properties  were  examined.  An  outline  of 
tile  manufacturing  process  of  tlie  steel  plates  for  UOE  pipe  is 
shown  in  Fig,  15.  In  the  refining  process,  special  treatment  was 
conciucted  to  obtain  Ti-oxide  particles  and  ladle  desulphuriza¬ 
tion  and  vacuum  degassing  were  carried  out  in  (  der  to  make 
tlic  steel  clean.  In  tlie  plate  rolling  process,  the  steel  was 
subjected  to  interrupted  accelerated  cooling  after  coiitrolled 
roiling.  The  chemical  composiri(jn  of  the  steel  is  giv  en  in  I  able 
4.  I'o  sinuiltaneouslv  form  fine  Ti-oxide  and  TiN  particles,  the 
A1  content  was  reduced  and  an  optimum  Ti-O  N  balance  was 
ensured.  Steels  A  and  B  are  Nb-microa!loved  and  Nb.  Mo 
microalloyed  steels,  respectivclv.  Both  steels  have  lower  car 
bon  ecjuivalenr  'Cec]  and  Pem  values  than  those  of  cmiven 
tional  steels  and  hence  have  good  field  weldabilitv. 

Table  5  slu>ws  tvpicai  examples  ot  mechamc.il  properties 
of  b.ise  materials  of  UOF  pipes  with  a  si/e  of  ‘U4mni  .V»  in. 
(>l)  X  .TSJjnm  1.5  in.  WY.  fhpe.‘  A  and  B  meet  the  strength 


Thermo  mechanical  processing 


(a)  T lO  steel 


(b)  TiN  steel 

I  iy.  14  Mu  ro>tructuri's  of  tfu'  HA/ 
of  XHO  line  pipe  slid, 

ncMr  I'l.  .ire  sliiiwn  in  Fip.  14.  Despite  ttie  sin.ill  lie.it  input  ot 
^Hk|  cm.  ’I'i(  •  steel  sliowed  the  tiirin.itHin  nt  IFP  mure 
niarkeJIv  than  TiN  steel,  f-rom  the  above  inentiuiieil  results,  it 
w.is  toiirul  that  even  with  high-strength  line  pipe,  like  XHO. 
HAZ  toughness  can  be  improved  by  tile  tormation  ot  I  FT,  and 
tliat  IK)  steel  can  be  a  superior  material  for  liigb  . strength. 
Iiigli  toughness  line  pipe. 


1  ic-  Is  M.iiuil jctiiriiit:  proti-ss  ot  pLiti'. 

I  .il'lc  4  (  fu’mic.il  coinposituHis  ol  coninurcial  Ntci-ls  ,  va  t  ' '  . 


Steel 

C 

Si 

Mn 

P 

S  Cu 

Ni 

Nb 

Mo 

Ti 

Al 

Ceq 

V' 

Pem 

X52 

(A) 

0  06 

0  08 

t  44 

0  006 

0  001 

0  36 

0  012 

0017 

0  003 

0  32 

0  14 

X65 

(B) 

0  05 

007 

1  49 

0  008 

0  004 

0  33 

0  01 1 

0  09 

o 

b 

o 

0  003 

0  34 

0  13 

*lt  Ceq  -  C  '  Mn  6MCfMo*V)  f)-^(NoCu) 

•21  PF.m  C»S«  30*(Mn»Cu*Cr|  20*Ni  eO'Mo  15»V  10‘5Bi  )t 

lal'lc  S  Mcclunical  proprrtifs  ot  base  inatiTial  ot  I  Ol:  pipe- 
Pipe  Direc  Tensile  properties*^'  Charpy  impact  properties**'  BPWTT 


Steel  tion  YS  TS  EL 

(mm) _ (MPa)  (MPa)  (%) _ (J) 

(36  in)  L  ‘“’8  8“ 

Abz  jj 

38.1WT  J  ^^3  g2  442 

(1.5  m) 


vTrs  85%  shear 

I  C)  FATT  (  C) 


rtR  V  L  **^3  556  64 

X65 

38  1WT  J  424  5g5  53  38g 

(1.5  in)  _ _ 

*1)  Strap  test  of  API  rectangular  specimen. 

•2)  Test  position  :  1/2  t 

•3)  Reduced  specimen  (thickness  ^  19  mm) 
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specified  for  X52  and  X65.  respectively,  and  have  only  small 
anistropy.  These  steels  are  good  in  terms  of  Charpy  impact 
energy  and  BDWTT  properties  and  can  withstand  applications 
at  -40“C.  Figure  16  shows  typical  examples  of  Charpy  V- 
notch  impact  energy  at  different  notch  locations  of  scam  weld 
of  both  pipes.  Seam  welding  was  by  double  submerged-arc 
welding  method.  It  can  be  seen  that  the  Charpy  impact  energy 
is  very  high  in  all  notch  locations  and  that  both  pipes  have 
superior  HAZ  toughness  for  low-temperature  service.  Nippon 
Steel  manufactured  6000  tons  of  X52  conductor  pipe  used  for 
offshore  structure  in  the  North  Sea.  As  shown  in  Fig.  17.  the 
energy  m  the  HAZ  of  commercially  manufactured  conductor 
pipe  is  very  high  and  more  than  double  the  specified  value. 


Fig.  16  Charpy  V-notch  impact  energy  at  different 
notcii  locations  of  seam  weld. 


Spec.  45 


Spec.  4S 


vC.40  fJl 

Base  material 


HAZ  (average  values) 


vE.4o  (J) 

HAZ  (minimum  values) 


CONCIA  SION 

A  stiuiv  vScix  nKulf  uii  t)u'  oltccts  ol  Nb.  M<.i  aiul  f*  ad 
ditions  on  the  properties  ot  Till  steel.  The  tollowing  conclu 
sions  were  ootained. 

1  I  he  .idtiition  of  Nh.  Mo  and  B  suppres.ses  the  lormation 
of  coarse  gr.iin  houndarv  terrire  ,iiul  territe  sideplate  in 
tile  HAZ  near  the  fusion  line  .ind  increa.ses  tlie  volume 
tr.iction  of  IFF. 

2  In  conventional  steel,  the  addition  of  Nh  tends  tt)  cause 
the  HAZ  toughness  to  deteriorate.  On  the  contrary,  in 
Tit  )  steel,  the  degree  ot  HAZ  deterioration  is  small  due 
to  the  formation  of  IFF.  From  the  viewpoint  of  HAZ 
toughness,  the  optimum  amount  of  Nh  is  appro.xiniately 
l).()l%.  It  was  also  confirmed  that  good  HAZ  toughness 
could  be  obtained  even  with  high  Mn-Nb  XHO  steel. 

i.T  It  was  found  possible  to  manufacture  high-strength  steel 
having  excellent  HAZ  toughness  by  the  aildition  of  Mo  or 
B  to  Nb  steel.  The  addition  of  Mo  and  B  increa.ses  the 
volume  fraction  of  IFF.  However,  the  optimum  amount 
of  addition  should  be  determined  according  to  required 
levels  of  strength  and  toughness. 


4-  Till  steel  applied  to  actual  production  showed  excellent 
HAZ  toughness  and  was  supplied  tor  conductor  pipe  in 
the  North  Sea. 
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ABSTRACT 

The  role  of  impurity  elements  (0  and  S)  and 
thermomechanical  processing  on  the  effectiveness 
of  boron  in  suppressing  ferrite  formation  in  ultra 
low  carbon  bainitic  (ULCB)  steels  has  been 
investigated  by  means  of  laboratory  rolling 
trials  and  dilatoraeter  processing  simulations. 
Secondary  Ion  Mass  Spectroscopy  (SIMS)  and 
autoradiography  were  employed  to  examine  boron 
distributions  after  various  processing  treat¬ 
ments.  The  addition  of  20  ppm  of  B  to  a  base  alloy 
of  composition  0.02  wt  %C.  1.80  wt  %Hn.  and  0.05 
wt  %  Nb  suppressed  transformation  temperatures  by 
75  to  100°C;  however,  a  fullybainitic  microstruc¬ 
ture  was  obtained  only  when  the  impurity  content 
was  low  or  when  the  steel  was  given  a  preliminary 
hot  working  treatment  prior  to  final  ther- 
momechanical  processing.  It  is  suggested  that  the 
entrapment  of  boron  at  inclusions  is  a  critical 
factor  influencing  the  effectiveness  of  boron  as 
a  hardenability  agent  in  these  steels. 


ULTRA  LOW  CARBON  bainitic  (ULCB)  steels  were 
developed  in  Japan  in  the  early  1980's  to  meet  the 
demand  for  high  strength  steels  with  good  low 
temperature  toughness  and  weldability  for  such 
applications  as  Arctic  grade  linepipe  (1.2.3) .  In 
these  steels,  dislocation  strengthening  within 
the  fine  bainitic  microstructure  combines  with 
Nb(C.N)  precipitation  strengthening  to  produce 
yield  strengths  in  excess  of  600  MPa  .  By  employing 
carbon  levels  <0.03  wt  %.  formation  of  small 
islands  of  high  carbon  martensite  is  reduced, 
resulting  in  superior  low  temperature  fracture 
toughness.  Critical  to  the  production  of  these 
steels  is  the  addition  of  a  small  amount  of  boron, 
typically  10  to  20  ppm.  During  processing,  the 
boron  segregates  to  austenite  grain  boundaries 
where  it  inhibits  ferrite  nucleation.  and  thereby 
promotes  formation  of  a  fine  baintic  microstruc- 
ture  after  controlled  rolling  and  air  cooling. 


To  effectively  inhibit  ferrite  formation, 
boron  .m’'rt  be  retained  in  solid  solution  in  the 
austenite.  Boron  has  a  strong  affinity  for 
nitrogen  and.  therefore,  it  is  necessary  to  fix 
nitrogen  to  prevent  the  formation  of  BN.  This  is 
normally  done  by  adding  small  amounts  of  titanium 
to  form  TiN  precipitates  which  remove  nitrogen 
from  solid  solution,  and  prevent  austenite  grain 
growth  during  controlled  rolling.  It  is 
generally  accepted  that  borcn-containing  steels 
should  be  clean  i.e.  contain  minimal  levels  of  S. 
Oand  other  impurities,  if  the  full  effect  of  boron 
is  to  be  achieved.  However,  the  level  of 
clearline.ss  has  not  been  specified,  nor  are  the 
mechanisms  by  which  the  impurities  affect  the 
behaviour  of  boron  clearly  understood. 

In  the  present  study,  boron  -  containing  steels 
were  produced  with  both  high  (0.006  wt  %  S  and 
0.0085  wt  %  0)  and  low  (0.004  wt  %  S  and  0.0057 
wt  %  0)  levels  of  impurities  by  air  and  vacuum 
casting  respectively.  The  microstructures  of  as- 
rolled  plates  were  examined  in  detail  and  dila- 
tometer  studies  were  conducted  to  characterize 
the  transformation  behaviour  of  the  steel.  As 
well.  the  boron  distributions  resulting  from 
various  processing  schedules  were  determined  by 
Secondary  Ion  Mass  Spectroscopy  (SIMS)  and 
autoradiography.  The  results  are  compared  to 
those  obtained  for  a  steel  of  similar  composition 
but  containing  no  boron. 

EXPERIMENTAL 

The  alloys  examined  in  this  study  )iad  a  base 
composition  of  0.02  wt  %  C.  1.80  wt  %  Mn  and  0.05 
wt  ■/.  Nb  (Table  1).  The  bor on  -  c ont  a i n ing  steels 
had  an  addition  of  20  ppm  B.  The  base  alloy  with 
no  boron  and  two  heats  of  the  bo ron - c onta ining 
steel  were  cast  in  air  and  a  single  heat  of  the 
boron -containing  composition  was  cast  in  vacuum. 
Ail  alloys  were  cast  into  50  kg  ingots  with  cross- 
section  125  mm  x  150  mm.  T)ie  ingots  were 
controlled  rolled  to  12.7  mm  tliick  plate  according 
to  the  schedule  in  Table  2  and  air  cooled. 
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Table  1  -  Steel  compcsitionfi  (wt%} 


I 


f 


Alloy 

C 

- ! 

Mn 

Nb 

Si 

S 

T1 

A1 

P 

N 

0 

B 

P 

1 

(Air 

cast) 

0 . 020 

1.65 

0.0<.5 

0.31 

0.006 

0.020 

0.025 

0.005 

0.0058 

0 . 0050 

1 

j 

! 

2A 

(Air 

cast) 

0.019 

1.85 

0.0^0 

0.41 

0.0063 

0.023 

0.020 

0.008 

0.0032 

0 . 0080 

0.0016 

1 

0.0016 

23 
(A1  r 
cast) 

0.018 

1  .  77 

0.040 

0.25 

1 

0.0060 

0.020 

0.020 

0.006 

0.0066 

0.0085 

i 

0.0015 

0.0010 

2C 

(vacuum 

cast) 

0.021  1 

L _ 

1  .83 

0.057 

i 

j 

0.32 

0.0042 

0.018 

0.011 

0.010 

0.0062  ! 

0.0057 

0.0019 

0.0015 

1 

Effective  boron 

Dilatometer  tests  were  carried  out  using  an  MMC 
deformation  dilatometer.  Specimens  8  mm  long  x 
4  mm  diam  were  machined  from  as -cast  ingots  and 
as-rolled  plates.  Specimens  were  austenitized  in 
the  dilatometer  for  15  min  at  1100°C,  cooled  to 
825°C.  deformed  50%.  held  10  s  and  cooled 
according  to  a  Newtonian  cooling  schedule  such 
that  the  time  between  800  and  500°C  was  300  s 
(average  cooling  rate  I'C/s)  . 

The  microstructures  of  as-rolled  plates  and 
dilatometer  specimens  were  examined  after  polish¬ 
ing  and  etching  with  a  2%  nital  solution. 
Inclusion  counts  were  carried  out  on  heats  of  the 
boron-containing  steels  in  both  the  as-cast  and 
controlled  rolled  conditions.  A  Cameca  IMS-AF 
Secondary  Ion  Mass  Spectrometer,  operated  in  the 
direct-ion  *mage  mode  with  an  0/beam.  was  used 
to  examine  boron  distributions  and  identify 
inclusions.  Boron  distributions  were  also  mapped 
by  high  resolution  autoradiography  carried  out  at 
the  Research  and  Development  Laboratories  of 
Nippon  Steel  following  standard  techniques  (4). 


Table  2  -  Rnllinp  schedule 


1 

Mill  setting 

Temperature 

Pass  No. 

(cm) 

(^C) 

1.  -  -  .  _  - - - 

. . . -  - 

1  1 

11.57 

1100 

!  2 

10.46 

1060 

3 

9 . 45 

1040 

4 

8.51 

1020 

5 

7.65 

1000 

6 

6.91 

900 

7 

6.22 

890 

8 

5.56 

875 

9 

4.93 

865 

10 

4.32 

850 

11 

3.73 

840 

12 

3.18 

825 

13 

2.64 

815 

14 

2.13 

800 

15 

1 . 65 

785 

16 

1.27 

770 

P  *  [B  -  (N  -  0.002  Tl/5>1 

RESULTS 

ROLLING  TRIALS  -  The  microstructure  of  the  as- 
rolled  base  alloy  consisted  of  fine-grained 
polygonal  ferrite  and  pearlite  (Fig.  la).  In  the 
air-cast  boron  alloy  (2A).  the  boron  failed  to 
completely  suppress  ferrite  formation.  A  banded 
mic  ros  t  r  uc  t  ur  e  was  observed  in  which,  narrow 
bands.  20-40  |ini  in  width.  of  fine  polygonal 
fstrite  lie  parallel  to  the  rolling  plane 
interrupting  the  predominantly  bainitic  micros¬ 
tructure  in  the  as-rolled  condition  (Fig.  lb). 
The  boron  distribution  in  this  alloy,  as  revealed 
by  SIMS  and  autoradiography,  also  showed  evidence 
of  bandii;g  with  regions  (up  to  50  nm  in  width) 
in  which  little  or  no  boron  was  detected  (Fig.  Ic)  . 
There  was  no  clear  evidence  of  boron  segregation 
to  austenite  grain  boundaries. 

The  microstructure  of  the  as-rolled  vacuum- 
cast  material  consisted  almost  entirely  of 
bainite.  although  a  few  small  regions  of  ferrite 
were  evident  (Fig  Id).  The  boron  distribution  of 
the  vacuum-cast  and  rolled  material  appeared  to 
be  more  homogeneous  (Fig.  le)  than  the  air-cast 
material,  but  again  there  was  little  evidence  of 
boron  segregation  to  the  grain  boundaries. 

Since  S  and  0  are  present  in  the  form  of 
inclusions,  analysis  of  inclusion  contents  was 
carried  out  on  the  as-cast  and  as-rolled  boron 
steels  (Table  3).  It  is  seen  that  the  volume 


'r^ble  3  -  Inclusion  content  of  steels 


A1  loy 

Cond i t ion 

Oxides 
Cvol  \) 

Sulphides 
(vol  %) 

Total 

inclusion 

content 
(vol  %) 

2A 

As ■ rol led 

0.038 

0 . 085 

0.  123 

2B 

Air  cast 

0 . 096 

0 . 040 

0.136 

2B 

Air  c  .3  s  t 

+  rolled 

0.071 

0.073 

0.164 

2C 

Vacuum  cast 

0.051 

0.02  7 

0 .078 

2C 

Vacuum  cast 

+  rol  led 

0.031 

0 . 044 

0 .075 

608 


Fig.  1  -  (a)  Microstructure  of  base  alloy  1  in  the  as-rolled  condition. 

(b)  Microstructure  of  air-cast  alloy  2A  after  controlled  rolling. 

(c)  Boron  distribution  in  air-cast  alloy  2A  after  controlled  rolling 
(SIMS) . 

(d)  Microstructure  of  vacuum-cast  alloy  2C  after  controlled  rolling. 

(e)  Boron  distribution  in  vacuum-cast  alloy  2C  after  controlled 
rolling  (SIMS). 


609 
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(a)  Mn 


(b)  A1 


(c)  Ti 


SIMS  element  distribution  maps  showing  presence  of  boron  at  an  el 
gated  inclusion  in  the  air-cast  and  as-rolled  ingot  2A.  (Field  ■ 
view  is  150  urn. ) 
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Fig.  4  -  Plot  of  fraction  transformed  versus  temperature  for  dilatometer  specimens  cooled 
at  l“C/s  after  deformation  at  825°r.  The  starting  condition  of  the  material  in  each  test 
is  indicated. 


fraction  of  inclusions  in  the  air-cast  material  is 
appro.ximately  double  that  of  the  vacuum-cast  mate¬ 
rial.  It  will  be  noted  that  the  relative  proportion 
of  sulphides  and  oxides  differs  between  the  as-cast 
and  as-rolled  conditions  for  both  air-cast  and 
vacuum-cast  materials.  This  is  a  consequence  of  the 
fact  that  samples  used  for  analysis  of  the  as-cast 
ingots  were  taken  from  near  the  ingot  surface  where 
the  fraction  of  MnS  is  expected  to  be  low.  whereas 
the  analysis  of  inclusion  content  was  carried  out  on 
the  full  plate  thickness  in  the  as-rolled  material 
and  thus  probably  provides  a  more  accurate  measure 
of  the  true  proportion  of  inclusions.  Nonetheless, 
whether  material  in  the  as-cast  or  as-rolled 
condition  is  compared,  the  vacuum-cast  material  has 
a  .significantly  lower  volume  fraction  of  inclusions 
than  the  air-cast  alloy.  There  was  no  appreciable 
difference  in  the  size  of  the  inclusions  between  air- 
oast  and  vacuum-cast  materials. 

Samples  from  the  air-cast  ingot  were  examined  by 
SIMS  in  an  effort  to  determine  if  boron  was 
associated  with  any  particular  inclusion  type. 
Inclusion  arrays  were  readily  identified  by  SIMS  as 
shown  in  Fig.  2.  It  was  found  that  most  inclusions 
contained  A1 .  Ti.  Si  and  Mn .  although  with  SIMS 
analysis  it  was  not  possible  to  accurately  identify 
the  primary  elements  at  any  particular  site. 
However.  it  was  clear  that  boron  was  highly 
concentrated  at  inclusion  sites  in  the  as-cast 
material.  In  the  as-rolled  condition,  some  regions 
of  high  boron  content  appeared  to  correspond  to 
inclusions  (Fig.  3)  .  As  well,  regions  of  high  boron 
content  were  observed  which  did  not  appear  to 
correspond  to  any  type  of  A1 .  Mn  or  Si  inclusion  or 
to  Ti  precipitates  (points  A  and  B  in  Fig.  3d). 

DILATOMETER  SIMULATIONS  -  Plots  of  fraction  trans¬ 
formed  versus  temperature  for  the  dilatometer 
specimens,  cooled  at  l^C/s  after  deformation  at 
825°C  are  shown  in  Fig.  4.  The  addition  of  B  to  the 


base  steel  strongly  suppresses  ferrite  formation  and 
shifts  the  transformation  downward  by  75100°C. 
Whereas  a  ferrite - pearlite  microstructure  was  ob¬ 
served  in  the  base  alloy  (Fig.  5a) .  the  microstruc¬ 
tures  of  the  boron  -  containing  specimens  were  primar¬ 
ily  bainitic  (Fig.  Sb.c.e).  Comparing  the  results 
for  the  boron-containing  steels,  some  significant 
differences  are  observed  depending  upon  the  process¬ 
ing  schedule.  Transformation  of  specimens  machined 
from  the  air-cast  ingot  proceeded  at  temperatures 
~25'’C  higher  than  vacuum-cast  samples:  the  beginning 
of  transformation  occured  at  lOO^C  for  the  air-cast 
and  675®C  for  the  vacuum-cast  material  with  the  major 
portion  of  the  transformation  occuring  between  675 
and  650°C  for  the  air-cast  alloy  and  between  650  and 
625  for  the  vacuum-cast  material.  This  difference 
in  the  transformation  temperatures  is  significant 
because  the  bainite -start  temperature  in  this  alloy 
is  approximately  650'’C.  Consequently,  a  mixed 
ferrite -bainite  microstructure  was  obtained  from 
the  air-cast  specimens  (Fig.  5c),  whereas  the  mi 
crostructure  of  the  vacuum-cast  material  was  com¬ 
pletely  bainitic  (Fig.  5b).  In  the  air-cast 
condition,  the  boron  distribution  is  inhomogeneous 
with  only  limited  boron  segregation  to  grain 
boundaries  (Fig.  5d). 

It  is  interesting  that,  in  dilatometer  tests  on 
specimens  taken  from  the  air-cast  and  rolled  plate, 
the  transformation  is  shifted  downward  to  a  trans¬ 
formation  temperature  range  similar  to  that  of  the 
vacuun-cast  material,  and  a  fully  bainitic  micros¬ 
tructure  was  obtained  (Fig.  5e)  .  Upon  conclusion  of 
the  dilatometer  test  on  air-cast  and  rolled  mate¬ 
rial.  boron  clearly  outlines  roost  of  the  prior 
austenite  grain  boundaries  (Fig.  5f) .  Evidence  of 
boron  segregation  to  grain  boundaries  has  been 
observed  in  a  wide  range  of  dilatometer  simulations 
when  the  starting  material  was  in  the  air -cast  and 
rolled  condition  (5).  The  results  indicate  a 
stronger  effect  of  boron  in  suppressing  ferrite 
formation  in  the  vacuum-cast,  and  air-cast  and 


612 


(a)  Microstructure  of  alloy  1  after  dilatometer  simulation. 

(b)  Microstructure  of  vacuum-cast  alloy  20  after  dilatometer  simula¬ 
tion  . 

(c)  Microstructure  of  air-cast  alloy  2A  after  dilatometer  simulation. 

(d)  Boron  distribution  in  material  in  (c) .  (SIMS  -  field  of  fiew  is 
150  pm.) 

I'e)  Microstructure  of  alloy  2B  after  dilatometer  simulation.  Start¬ 
ing  condition  was  as-rolled  plate. 

(f)  Boron  distribution  in  material  in  (e) .  (SIMS  -  field  of  view  is 
150pm. ) 
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colled  materials,  than  in  air-cast  material  tested 
without  prior  rolling. 

The  observation  that  transformation  tempera¬ 
ture  shifted  downward  producing  a  fully  bainitic 
microstructure  when  as-rolled,  air-cast  plate  was 
tested  in  the  dilatometer  was  surprising,  A  trial 
was  conducted  to  ascertain  whether  a  similar  effect 
could  be  obtained  by  rolling.  A  piece  of  the  as- 
rolled  plate  2A  was  reheated  at  1100°C  for  20  min 
and  then  reduced  in  two  passes  of  25%  each  at  850 
and  815‘’C  prior  to  cooling  at  1.2°C/s.  The 
microstructure  of  the  plate  appeared  to  be  100% 
bainite  (Fig.  6).  Apparently,  the  boron  hardena- 
bility  effect  in  the  air-cast  material  can  be 
enhanced  by  a  preliminary  reheat  and  hot  working 
treatment . 

DISCUSSION 

The  results  of  the  present  study  indicate  that 
the  addition  of  20  ppm  of  boron  to  a  steel  containing 
0.006  wt  %  sulphur  and  0.0085  wt  %  oxygen  is  only 
partially  effective  in  suppressing  ferrite  forma¬ 
tion.  Although  transformation  temperatures  are 
suppressed  by  75-100°C  compared  with  the  alloy 
containing  no  boron,  the  transformation  start 
temperature  is  still  above  the  bainite - start 
temperature.  When  sulphur  and  oxygen  contents  are 
reduced  to  0.004  wt  %  and  0.0057  wt  %  respectively, 
the  transformation  start  temperature  is  reduced  by 
another  25°C  and  a  completely  bainitic  microstru- 
ture  is  obtained.  It  is  also  shown  that  .similar 
transformation  behaviour  and  micrustructures  can 
be  obtained  in  air -cast  steel  containing  high 
impurity  contents  if  the  cast  steel  is  subjected  to 
a  double  hot  rolling  process. 

Although  the  precise  mechanism  is  not  fully 
understood,  it  is  generally  accepted  that  boron 
acts  to  suppress  ferrite  nucleation  at  austenite 
grain  boundaries.  Thus,  if  boron  is  to  be  fully 
effective,  it  must  be  distributed  relatively 
uniformly  to  all  austenite  grain  boundaries  prior 


to  the  start  of  transformation.  In  the  present 
study,  the  conditions  which  produce  completely 
bainitic  microstructures  correlate  with  those 
which  produce  the  most  homogeneous  boron  distri¬ 
bution.  Conversely,  with  an  inhomogeneous  boron 
distribution,  such  as  in  the  as-rolled  alloy  2A, 
the  size  and  shape  of  the  areas  of  ferrite  in  the 
final  microstructure  appear  to  coincide  with  the 
boron-free  bands. 

The  results  of  the  present  study  Indicate  the 
importance  of  inclusion  content  and  distribution 
in  controlling  the  effectiveness  of  boron  in 
suppressing  ferrite  formation.  It  is  apparent 
from  the  SIMS  analysis  that  boron  migrates  pref¬ 
erentially  to  inclusions  during  solidification 
and  cooling  of  the  ingot-  Although  the  form  the 
boron  assumes  at  the  inclusion  has  not  been  exam¬ 
ined  in  this  study,  work  has  been  reported  (6) 
which  demonstrates  the  precipitation  of  BN  and 
Fe^jlB.Cjj  at  MnS  and  Al^Oj  inclusions.  As  well,  it 
has  been  suggested  that  boron  may  exist  in  solution 
in  stable  oxide  particles  (7)  .  Clearly,  boron  pre¬ 
cipitation  at  inclusions  reduces  the  amount  of 
boron  available  for  segregation  to  austenite  grain 
boundaries.  Consequently,  the  effectiveness  of 
boron  will  depend  upon  its  dissolution  and  homog¬ 
enization  in  the  austenite  during  austenitization 
and  controlled  rolling. 

The  homogenization  of  the  boron  distribution 
depends  critically  upon  both  the  volume  content 
and  distribution  of  inclusions.  By  reducing  the 
total  number  of  inclusions,  the  number  of  pre¬ 
ferred  sites  for  boron  precipitation  during 
solidification  and  cooling  is  reduced  and  a 
greater  quantity  of  boron  will  be  left  in  solid 
solution  or  to  precipitate  at  secondary  sites  such 
as  grain  boundaries,  throughout  the  matrix.  Thus 
reduced  inclusion  content  results  in  a  more 
uniform  boron  distribution  in  the  as-cast  material 
and  facilitates  the  achievement  of  a  homogeneous 
boron  distribution  during  subsequent  austenitiza¬ 
tion  of  the  plate.  The  importance  of  inclusion 
content  in  determining  the  effectiveness  of  boron 
has  previously  been  recognized  and  the  hardena- 
bility  of  boron ■ containing  steels  has  been  corre¬ 
lated  to  such  factors  as  sulfur  content  (6). 

Even  when  the  inclusion  content  of  the  boron- 
containing  steel  i.s  relatively  high,  the  use  of  a 
two  stage  processing  schedule  in  which  the  steel 
is  first  heavily  worked  in  the  austenite  region  and 
cooled  to  room  temperature  prior  to  the  final  hot 
working  treatment,  can  be  used  to  improve  the 
effectiveness  of  boron.  Although  there  has  been 
little  discussion  in  the  literature  of  the  precise 
effects  of  deformation,  hot-working  is  often 
performed  as  a  preliminary  step  in  many  laboratory 
studies  of  boron -containing  steels  (see  for 
example  Ref.  8.9).  Although  results  from  the 
present  study  are  ambiguous,  a  conjecture  may  be 
offered  as  to  the  effect  of  the  preliminary  hot 
working  treatment  on  the  effectiveness  of  boron. 
During  the  austenitizing  treatments  applied  prior 
to  rolling  (2  h  at  1100°C).  any  BN  and  Fej,(B.C) 
precipitates  should  dissolve.  However,  if  the 
boron  is  in  part  dissolved  in  stable  oxides  or 
oxysulfides.  it  may  not  be  fully  dissolved  into  the 
steel  matrix  under  these  treatments.  Indeed,  in 


Fig.  6  -  Microstructure  of  rerolled  plated, 
austenitized  2  h  at  1100°C.  deformed  25%  at  850 
and  815°C.  and  cooled  at  1.2°C/s. 
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(a)  Air-cast  ingot. 


(b)  Austenitized  2  h  at  1100°C  and  quenched. 


Cc)  As-rolled  plate.  (d)  Dilatometer  specimen  (starting  condition 

'  "IS-  rolled  plate)  . 

Fig.  7  '  Boron  distribution  in  the  as-cast  material  at  different  points  in  the 
processing  schedule.  (autoradiography) 


studying  BN  precipitatiori  in  low  carbon  steels. 
Tanino  et  al,  (7)  observed  a  number  of  boron 
aggregates  even  after  1  h  at  1250°C. 

In  the  present  study,  large  boron-rich  precipi¬ 
tates  are  observed  by  autoradiography  in  the  air- 
cast  alloy  (Fig.  7a)  which  would  appear  to 
correspond  to  the  boron-containing  inclusions 
observed  by  SIMS  in  the  same  material.  After  a  2  h 
austenitizing  treatment  at  llOO^C  followed  by  a 
water  quench,  the  large  boron  -  containing  particles 
are  still  evident  (Fig.  7b).  (The  obvious 
segregation  of  boron  to  austenite  grain  boundaries 
in  this  condition  likely  results  from  nonequili- 
brium  segregation  during  quenching.)  In  the  as- 
rolled  plate,  boron  -  containing  particles  are  again 
present,  although  there  is  evidence  that  the 
particles  have  been  broken  into  stringers  of 
smaller  particles  during  the  large  rolling  reduc¬ 
tion  (Fig.  7c).  When  the  as-rolled  material  is 
reaustenitized  in  the  dilatometer.  deformed  and 
cooled  to  room  temperature,  no  evidence  of  the 
coarse  boron  particles  is  found,  and  uniform 
segregation  of  boron  to  austenite  grain  boundaries 
is  observed  (Fig.  7d).  It  is  suggested  that  boron 
exists  in  stable  forms  associated  with  inclusions, 
which  are  not  readily  dissolved  under  normal 
austenitizing  conditions.  Heavy  deformation 
during  rolling  breaks  down  the  coarse  boron- 
containing  particles  and  thereby  facilitates  the 


release  of  boron  from  these  particles  into  the 
matrix  during  subsequent  high  temperature  austeni¬ 
tizing  treatments.  The  SIMS  analysis  of  boron  dis¬ 
tribution  in  as-rolled  plate  has  not  yet  provided 
conclusive  evidence  of  the  validity  of  this 
conjecture.  Boron  enrichment  was  observed  at  some, 
but  not  all  inclusions  in  the  air-cast  and  as-rolled 
plate  (Fig.  3).  Furthermore,  it  is  not  clear 
whether  boron  vas  retained  at  inclusions  throughout 
austenitization  and  controlled  rolling  or  whether 
it  underwent  dis.solution  and  reprecipitation 
during  thermomechanical  processing. 

If  the  full  effectiveness  of  boron  is  to  be 
achieved  in  ultra  low  carbon  bainitic  steels, 
efforts  must  be  made  to  control  inclusion  distri¬ 
butions.  Two  strategies  may  be  adopted .  The  first, 
and  probably  most  practical  approach,  given  the 
current  industrial  move  toward  production  of  clean 
steels,  is  co  minimize  the  total  inclusion  content, 
thereby  minimizing  the  number  of  sites  at  which 
boron  will  precipitate.  The  second  approacli  is  to 
ensure  homogenization  of  boron  by  adoption  of 
appropriate  thermomechanicnl  processing 
scheduler.  Although  this  approach  has  received 
little  attention,  the  present  study  indicates  the 
benefits  of  a  preliminary  hot -working  treatment  to 
improve  the  effectiveness  of  boron.  As  veil,  it  is 
presumed  that  application  of  high  temperature 
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austenitizing  treatments  would  also  assist  to  free 
boron  from  inclusions. 

CONCLUSIONS 

The  effects  of  inclusion  content  and  ther¬ 
momechanical  treatment  on  the  microstructure 
development  of  ULCB  steels  containing  boron  have 
been  examined.  The  transformation  temperature  of 
vacuum-cast  alloy  (0.004  wt  %  S.  0.0057  wt  %  0)  was 
approximately  25°  C  lower  than  that  of  a  comparable 
air-cast  alloy  (0.006  wt  %  S.  0.0085  wt  %  0) 
resulting  in  a  fully  bainitic  microstructure, 
whereas  a  mixed  ferrite -bainite  microstructure  was 
obtained  in  air-cast  material.  The  microstructure 
of  the  air-cast  alloy  was  improved  when  as-rolled 
plate  was  reprocessed  (reaustenitized,  deformed 
and  cooled).  Such  a  treatment  resulted  in 
transformation  behaviour  similar  to  that  of  the 
vacuum-cast  alloy. 

Inclusions  play  a  critical  role  in  controlling 
the  effectiveness  of  boron  in  these  steels.  By 
minimizing  the  total  content  of  inclusions,  at 
which  boron  preferentially  precipitates,  the  boron 
available  to  segregate  to  austenite  grain  bounda¬ 
ries  is  maximized.  Alternatively,  the  release  of 
boron  from  relatively  stable  precipitates  may  be 
achieved  by  application  of  heavy  deformation 
schedules  which  break  up  the  inclusions  into  small 
particles  from  which  boron  is  readily  released 
during  subsequent  austenitizing  treatments. 
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MEDIUM  STRENGTH  BAKE  HARDENABLE 
STEELS  FOR  DRAWING 
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Usiminas  Steel  Works 
Ipatinga,  MG,  Brazil 


Abstract 

The  effect  of  chemical  composition  (carbon, 
phosphorus,  silicon  and  manganese)  and  coiling 
temperature  on  balte  hardenab i  1  i ty  and  drawabi- 
lity  of  laboratory  produced  aluminum  killed 
steels  have  been  studied.  Based  on  these  result.s 
a  medium  strength  bake  hardenable  steel  was  pro¬ 
duced  on  industrial  scale  using  batch  annealing 
process  . 

Results  are  presented  on  the  performance  of  an 
automotive  panel  made  from  this  new  steel. 


IN  RECF.NT  YEARS,  increased  emphasis  has  been 
given  to  the  development  of  new  steels  for  the 
.automotive  industry  which  have  high  strength  and 
good  due  t i 1 i ty (  I  )  . 

A  successful!  example  of  this  effort  are 
the  so  called  bake  hardenable  steels,  vrherc  the 
desired  hardness  is  obtained  bv  strain  ageing 
during  baking  treatment  in  the  painting  line  of 
automotive  industry. 

The  efficiency  of  strain  ageing,  a.s  harden¬ 
ing  mechanism,  is  associated  with  the  presence, 
in  significant  amounts,  of  interstitial  elements 
in  solid  solution(2).  This  fact,  in  some  way, 
h.as  confined  the  production  of  bake  hardenable 
steels  to  annealing  process  with  high  cooling 
rates(3,4). 

Since  batch  annealing  process  has  a  low  cooling 
rate,  the  steel  compos i t ion ( 5 ) ,  and  coiling  tem- 
nerature{6)  can  strongly  influence  the  total  in¬ 
terstitial  content  of  the  steel  at  room  temper- 
.store. 

The  laboratory  experiments  were  performed 
to  identif';  the  main  parameters  that  affect  the 
production  of  bake  hardenable  steels  by  b.itch 
.annealing  process. 

Based  on  these  laboratory  results  an  Al- 
killed  bake  hardenable  industrial  heat  was  pro- 
d'l'cH.  The  laboratory  bake  bardenabi  1 1  ty  para- 
meteeji  'vere  compared  with  tliat  of  a  finished 
n.-'n*']  produced  in  a  automotive  industry  with 
the  new  product. 


MATERIALS  AND  EXPERIMENTAL  M.ETHODS 


LABORATORY  STUDIES  -  Eight  50  kg  laboratory 
vacuum  melted  ingots  were  produced,  the  chen'- 
cal  compositions  are  shown  in  table  I. 


TABLE  I  -  Chemical  composition  {wt  ’O 


S»#T_E 

No. 


Nn  P  SI  Ct  A1,  ,  N^  P  ♦  Si 
(s)  T 


1 

0.028 

0. 

27 

0 

2 

0.019 

0. 

18 

0 

5 

0.025 

0. 

26 

0 

u 

0.026 

0. 

18 

0 

0.025 

0. 

20 

0 

6 

0.070 

0. 

21 

0 

7 

0.027 

0. 

42 

0 

8 

0.050 

r  _ 

25 

0 

021  0.05  0.021  0, 
097  0.06  0.019  0 
016  0.22  0.018  0. 
079  0.29  0.014  0, 
006  0.59  0.014  0 
,059  0.52  O.Oie  0 
.017  0.25  0.017  0 
.020  0.22  0.018  0 


044 

0.0024 

0.051 

042 

0.0047 

0.157 

045 

0.0058 

0.256 

067 

0.0046 

0.569 

052 

0.0065 

0.596 

059 

0.0070 

0.579 

046 

0.0046 

0.247 

051 

0.0057 

The  composition  (table  I)  was  so  chosen  in 
such  a  way  that  the  influence  of  carbon,  m.-ng.-,- 
nese,  silicon  and  phosphorus,  on  the  nechan'cal 
properties  coiild  be  studied. 

Figure  1  shows  schematically  the  route  .7- 
dopted  to  process  ingots  to  cold  rolled  sheets. 
The  strain  ageing  sensitivity  vs, is  evaluat¬ 
ed  according  to  figure  2.  The  load-extension 
curves  were  generated  using  tensile  test  nieces 
(ASTM-370)  parallel  to  rolling  direction.  The 
test  pieces  were  6.0%  tensile  piestrained  at  a 
cross-head  speed  of  5mm/min  and  svibsequent  '  v  a- 
ged  at  180°C  for  20  minutes.  The  dr.awab  i  1  i  t  \- 
was  evaluated  by  using  Lankford  R  value  and 
strain  hardening  coefficient  (n). 

INDUSTRIAL  TRIALS  -  The  chemical  composi¬ 
tion  of  experimental  heat,  based  on  pilot  scale 
results,  is  shown  in  table  II.  The  latter  in¬ 
cludes  a  D.D.Q.  steel  for  comparison  purposes. 

The  experimental  heat  was  produced  by  the 
same  process  route  adopted  for  D.D.Q.  stool. 
Coiling  temperature  was  fixed  between  550  and 
600'’C,  and  subiected  to  a  1.0%  skin  pass.  A  2.01 
prestrain  in  tension  was  adopted  instead  of  6.0“/ 
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LOAD 


i 


VACUUM 

MELTED 

INGOT 


SLAB  20mm 
120000 X  30  min 


HOTBANO=55mm 
FT  =  900»C 
WATER  QUENCHING 


SANDBLASTING 
AND  GRINDING  TO 
3.8  mm 


HEAT  TREATMENT 
450oCx8h 


HEAT  TREATMENT 
700«Cxeh 


COLD  ROLLING  BATCH  ANNEALING 
^  ~  720*0  X  I5h 

(ARGON  ATM) 


)•  1 1  .  I  -  I^nbor.'itorv  Jirocess  injj  rcniti* 


I’RODl’CT  PFRFORMANCF.  -  In  lnhorati>rv  sliidi.  s 
dll'  bnkf  lui  rdfii.ib  i  1  i  f  V  of  m.itoriils  is  ova  1 '  i.i  t  nil 
alt«-r  a  li.xod  prostrain  folWn-’ot!  hv  an  attoinit 
ttan'iLnit-iU  of  18(1  C  20  minutes.  (In  an  ituliis- 
tria]  f'.'jint  inp  line  liowever,  the  itresst.'*!  compo¬ 
nent  is  sub  jot  t  .‘d  to  a  setfiience  of  lioat  tre.at- 
ments  in  the  order  listed  in  table  IV. 


/PRE.  / 

/STRAty  AY  -YIELD  STRENGTH  INCREASE  DUE  TD  AGEING 
I  *.0»/y  AW-  YIELD  SHEN6TH  INCREASE  DUE  TO  HARDENING 
1  7  AU-  TENSILE  STRENGTH  INCREASE  DUE  TO  AGEING 

~  elongation—^ 

i'!c:.2  -  l.oa  I'.'xtons  i  on  di.-ipram 

''ABI.n  II  -  Chemical  cominosition  •.^f  indnsftial 
lie.K  I '  ) 


ELEJCNTS  C  Ml  S  Al, 


0  P  .  Si 


lAbl.h  I V'  -  Thermal  treatment  at  a  eont  inuotis 
i  nd'is  t  r  1  a  I  pa  i  n  t  i  iv,;  I  i  iv 


SCHEDUt  E 
NUMBER 


DE SCRIPT  ION 


THERMAl 

TREATMENT 


t'  r  e  -  *  r  a  t  It'  e  n  t  _  t  p  e  - 
'Jte.isio;;  a'uf  Pn 'v.,  t:  >1  a  - 
’  i  /  i ' '  (j  ' 

t  let  reft, ore*  i  ■-  pa  i '  t  - 


■’.cpp  ' .  Is  f . fi..'  Ti  .  cm.,  r.:  T'C.  •  i  ■ 


:  n  t ■  t  i  .e 
i'l'.e.iiU  . 


;n  1  .ib.ir.it  Of.'  s.-imples,  (fiat  wer.-n';  teriiM-r 
t  'lle'l.  For  better  formahilitv  evalimtion  a 
I  Tnitii:  I  '-ait  d  i  atfram  <il  new  material  was 
1:  a'..'n(  7  )  . 

[able  III  lists  the  t  en  .s  j  1  e  pro|>e  r  t  i  e  s  . 
Irawahilitv  indices,  bake  ha rdenab i 1 i t v  para¬ 
meters  (I’.l)  prestr,ain  pins  18(1  x  20  niinntesi 
ind  results  ol  me  t  a  1  1  opr  apli  i  c  exami  n,at  i  on  o! 

■  .die  r  i  ri'iit  a  I  and  I) .  D  .  (J .  steels. 


A  I'lhoraiore  s  i  •.u,  [  .a  t  i  on  ol  ihes,>  he.n 
tre.iiments  result. -d  in  the  pro|te  i- 1  i  e  s  piei'n  mi 
I  able  V, 

In  order  t  .i  .'Stimate  th.-  .strenrtli  .  I'an.'o. 
due  to  strain  ape' inn.,  under  a,  tual  nra.  t  i  .i! 

L  ,>nd !  t  ins.  tests  t.'ere  c'.'irried  .lilt  on  a  lu  .m- 
tpiarter  panel  a  i.ir.  A  e.ridded  I'l.ink  t-.e- 

t.irmed  in  an  automotive  plant,  'ind.-r  . . I  - 

cond.iiion  Ol'  p.-uio  I  produe  t  i  on  .  I'li  i  s  panol  .1,,'  n.' 


TARI.F.  ITT  -  (.'oiTipar  i  son  of  nuu  lian  i  i  a  I  properties  an<l  lerrili,  prain 
size  of  experimental  and  D.D.Q  steel 

ORICINAI,  MECHAN-  BAKE  HARDENABI  MECHANICAL  PROPER 


ICAL 

PROPERTIES 

LITY 

TIES 

AFTER 

PRE- 

DRAWABILITY 

CRAIN 

I80°C 

X  20 

min 

STRAIN  AND 

BAKINC 

SIZE 

STEEL 

(MPa) 

(MPa) 

(MPa) 

** 

Y.S. 

T.S. 

EL  * 
(Z) 

Ay 

AW 

Ao 

Y.E. 

T.S. 

EL  * 
(Z) 

R  n  AR 

ASTM 

fIXPF.RIHENTAL 

238 

37A 

39 

41 

44 

H"! 

322 

383 

36 

1 . 80  0 . 20  0.25 

9 . 0 

E  .  E  .  P  . 

189 

119 

A8 

15 

32 

RS 

2  36 

325 

48 

1  .80  0.2  2  0.81 

8. 5 

■•d  G,agf'  Length  =  50  mm 

2.07  pre-strain  and  180’ C  x  20  minutes 
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TABLE  V  -  LaboraLorv  rcRults  simulation 


Y  S 

STAGES  !  \ 

Y.S  A 

• 

G-W 

G.L.= 

T.5. 

Ay 

Ao 

Ax 

corci- 

04^a) 

(►f^a) 

30  fim 

(►Pa) 

(►Pa) 

(►Pa) 

(*) 

TION 

180°c  X 

1  23a 

313 

38 

378 

38 

84 

1.7 

12  min 

185°C  X 

2  3  '* 

32G 

38 

378 

39 

82 

J.*’ 

22  min 

160°C  X 

^  .'‘3 

3? 

376 

39 

84 

1.7 

22  min 

185°C  X 

-  2  a  1 

3?^ 

38 

377 

40 

80 

1.8 

7  min 

142'’C  X 

2^6 

319 

33 

378 

37 

85 

1.8 

27  min 

•  ''.'•-•.A.  _  v;eia  Strength  a‘"ter  ageing 
thickneso  -  0.8  nrr 


TABI.E  VI  -  Mechanical  properties  of  panel 
after  bak i ng 


MATERIAL 

REGION 

PRESTRAIN 
(X)  (**) 

Y.S. 

(►Pa) 

T.S. 

(►Pa) 

EL(X) 

G.L.= 

50  nm 

Ao 

(MPa) 

Ad 

(►Pa) 

ORIGINAL 

- 

~ 

238 

374 

39 

- 

- 

1 

2.24 

323 

387 

37 

85 

13 

2 

2.9’ 

337 

393 

38 

99 

19 

PANEL! •) 

5 

3.32 

364 

395 

36 

126 

21 

4 

3.00 

372 

39/ 

35 

134 

23 

5 

4.15 

368 

398 

34 

120 

24 

*  ASTM  A-370  -  sub-size 
**  Equivalent  Strain 


fft.  i,' 1  v«.  anv  suiface  coating,  but  was  submitted 
to  f  hu  sanu^  huat  treatments  of  lommercial  pa~ 
:u'ls.  Figurt'  .3  shows  a  sketch  of  the  panel  and 
t:.‘  positions  from  which  tensile  test 

I'jrct's  were  extracted.  These  regions  were  se~ 
U’C rod  because  thev  had  low  deformation  and 
rhev  allowed  flat  tensile  test  pieces  to  be 
lakon.  The  arrow's  (figure  3)  indicate  tlie  ma- 
u'r  strain  directions  and  the  tensile  test 
p  1  o ce  or  i  »’n  c  a  t  i  on s  . 


MAJOR  STRAIN  DIRECTIONS 

- DIRECTIONS  WHERE  TEST  PIECES  WERE 

CUT  FROM 

FU  .  3  -  Laiu^l  draw  showing  r*‘gions  where  test 
piecfs  were  t'ut  t'rom 

At  least  nint‘  measureni’nt  s  were  taken  at 
•  a  li  oi  tlu'  tiv«‘  locatiiins  and  the  mean  oqui- 
vaN’nf  strain  valu-‘*s  ar<'  given  in  tab  It*  V'l 
f'-iotfior  witfi  the  tonsile  prope  r  t  i  os  (  ?  3  ) . 

RKSIT.TS  AND  D  I  SCl'SS  I  ON 

iho  effeit  !  total  phospliorus  plus  si  li¬ 
on  (.ontont  on  the  bake  hardonab  i  I  i  t  v  is  shown 
Ml  f  i  gu  r  o  . 

It  is  oviflent  that  for  ( i’  +  Si)  contents 
>’rrarer  than  0.)  ,  it  is  possiblt*  to  achieve 

'".y  and  valiios  higher  than  30  MPa  and  10 
M[’,j  respec  t  i  vo  1  v  . 

Orain  houn<larv  segregation  in  prefertmce 
to  carbon  secns  to  be  the  reasrui  wliy  pliospho- 


F10.4  -  Efft-cC  of  (1’  +  Si)  Wt'.i  on  the  bake  Far- 
denability  samples  heat  treated  A50  C  x 
8  hours 

rtis  increase  bake  hardenabi  1  i  t  y(  5  )  .  As  for  si¬ 
licon  it  tends  to  form  a  barri(?r  around  the 
tarbides  and  so  retard  its  growt  h  (  5 . 8 . 9  )  .  Tlu’ 

t'fffct  of  carbon  and  manganese  on  ilie  bake  fiar- 
dt'nability  of  samples  heat  treated  to  -430  C  and 
700‘'C  for  8  hours  is  prt'si'nted  in  figur*-  ^.La¬ 
ta  suggest  that  le^'^er  contents  of  carbon  and  nan- 
ganose  are  beneficial  to  bake  Imrdenab ' 1 i t v . 

At  room  temperature,  carbon  in  '^olid  '^elu¬ 
tion  depends  on  the  annealing  temperature,  a- 
mount  of  cement  ite  .and  total  carbon  of  steel  i  li^ 
II).  If  he  itUal  carbon  is  increased  and  an¬ 
nealing  temperatun*  is  kept  'Onstant,  the  ce- 
mentite  acts  as  nuclei  for  carbon  precipitation 

Manganese  behaves  as  a  cementitu  stabili;-- 
an<l  reduces  the  I'ffect  of  carbon  on  age  ha^•den•' 
i  ng  s(‘ns  i  t  i  V  i  t  y  (  5 , 8  ,  11  )  . 

The  influence  of  chemical  c 'mipos i L i on  on 
l.«ankford  H  value,  for  samples  heat  treated  a! 
450' C  and  700'C  during  8  hours  is  shown  in 
figure  6. 

These*  data  show  that,  at  low  carbon  and 
manganese  contents  the  sti'els  exhibit  better 
forming  cliarac  t  er  i  s  t  i  c  s  .  Tli  i  s  observation  c('n- 
f  i  rm.s  the  results  of  previous  studies(I2  141. 
where  the  de  t  e  r  i  or  a  t  i  on  of  l.ankfiM'd  R  vahn’. 
due  to  the  inereas('d  carbon  and  manganese  con¬ 
tents.  was  assoeiat^‘d  with  a  decrease  t't 


2  3  4  5  10  20  30  40 


C*I0'(%)  Mnxl0*{%) 

FIG. 5  -  Effect  of  carbon  and  manganese  on  the 
bake  hardenab  i  1  i  t y  .  Samples  heat 
treated  at  (<450"C  and  700°C)  x  8  h 


R 


FIC.b  -  Effect  of  chemical  composition  (.m  R 
value,  samples  heat  treated  (410' C 
and  700 ’C)  x  8  h 


'  I  I  1  }mivv;>  texture  component  and  smaller  re¬ 
crystal  lized  grains.  The  mechanism  by  which 
. arhon  and  manganese  affect  texture  is  not  com¬ 
pletely  clear  yet.  As  for  the  influence  of 
I'hosphorus ,  data  published  in  the  literature 


show  that  the  drawability  of  the  steel  is  su¬ 
perior  to  that  of  standard  aluminum  killed 
stee ls(  1  5 ,  1 6 ) .  However  some  authors  have  report- 
ed(17,18)  contrary  results.  Present  work  has 
shown  that  the  increase  in  Lankford  value  due 
to  phosphorus  is  negligibly  small.  It  appears 
that  the  role  of  phosphorus  is  to  increase  the 
mechanical  strength  of  the  steel  without  dete¬ 
riorating  its  drawability.  This  behavior  of 
phosphorus  can  be  extended  to  silicon,  in  a- 
greement  with  other  papers(19). 

Figure  5  showed  an  increase  in  bake  har- 
denability  when  the  coiling  temperature  in¬ 
creased  from  to  700°C.  It  seems  that 

this  behavior  is  related  to  cementite  size, 
distribution  and  morphology,  as  observed  in 
figure  7. 

Considering  sample  8  as  a  general  case, 
cementite  in  material  hot  rolled  and  coiled  at 
450°C  was  found  to  be  randomly  distributed. 

The  material  coiled  at  700°C  showed  coarse  ce¬ 
mentite  with  a  tendency  to  concentrate  prefe¬ 
rentially  along  grain  boundaries.  After  an¬ 
nealing  the  cementite  characteristics  kept  a 
close  relation  with  that  observed  in  as  hot 
rol led  material . 

The  increase  in  mean  free  path  of  cemen¬ 
tite  in  material  coiled  at  700°C,  makes  carbon 
atoms  diffuse  through  larger  distances  to  pre- 
cipitatefb),  favouring  a  large  amount  of  this 
element  in  solid  solution  at  room  temperature. 

Drawability  is  strongly  decreased  with  in¬ 
creasing  coiling  temperature  (figure  6).  This 
observation  agrees  with  the  theory! 20 , 2  I )  that, 
if  aluminum  nitride  precipitated  during  hot 
rolling  for  material  processed  by  batch  anneal¬ 
ing  it  produces  a  texture  unfavorable  for  drav;- 
ing. 

From  the  present  study  it  was  clear  that 
the  coiling  temperature  must  be  chosen  as  a 
compromise  between  bake  hardenabi 1 i ty  and 
drawabi 1 i ty . 

From  table  III  it  follows  that  the  new  ma- 


FIG.7  -  Cementite  morphology  as  a  function  of  heat  treatment 
Sample  8  -  (I’icral  421  -  200x) 
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terial  gives  a  significant  mechanical  strength 
increase  while  mantaining  the  same  formability 
capacity  of  D.D.Q.  steel.  An  additional  advan¬ 
tage  was  that  the  material  gave  an  increase  of 
about  40  MPa  in  AY,  besides  a  lower  planar  ani¬ 
sotropy  AR. 

Figure  8  presents  the  F.L.D  for  both 
steels.  As  can  be  observed  the  curves  are  very 
similar,  mainly  in  the  drawing  region.  In  the 
stretch  region  the  difference  can  be  attributed 
to  coefficient  n  but  both  steels  present  excel¬ 
lent  forming  characteristics. 


FIG.8-F.L.D  for  D.D.Q  and  experimental  steels, 
thickness  =  0.8  mm 

The  results  of  laboratory  simulation  of  an 
industrial  painting  line  (table  V)  show  that 
after  the  first  heat  treatment  no  more  changes 
in  mechanical  properties  occur  in  material.  Al¬ 
so  the  "Strength  reaches  its  peak  value  in  the 
initial  treatment  and  no  hardening  of  softening 
is  observed  in  subsequent  treatments.  These  re¬ 
sults  togethei  -with  those  of  previous  studies 
(22)  lead  to  the  conclusion  that  bake  harden¬ 
ing  can  be  simulated  successfully  by  a  single 
heat  treatment  of  180°C  x  20  minutes  in  labora¬ 
tory  . 

The  test  results  of  the  industrial  panel 
(table  VI)  show  that  the  panel  strength  is  ap¬ 
preciably  improved  by  using  experimental  steel. 
It  should  be  noted  that  the  test  pieces,  for 
geometric  reasons,  were  taken  from  flat  regions 
of  the  panel  which  have  suffered  small  deforma¬ 
tions.  Consequently  the  results  given  are  con¬ 
sidered  as  minimum  values. 

Table  VI  also  shows,  as  general  rule,  that 
Aa  increases  with  increasing  strain.  In  effect 
it  reflects  the  change  of  AW  (Ao  -  AY  +  AW) 
which  is  strongly  strain  dependent  and  AY  is 
practically  constant(2).  Neverthless  an  expla¬ 
nation  was  not  found  for  Ao  in  regions  4  an  5. 
This  discrepanev  should  be  associated  with  fac¬ 
tors  such  as  different  types  and  directions  of 
strain  path. 

Another  important  aspect  worth  noting  is 
that  the  gain  in  the  strength  of  commercial  pa¬ 


nel  at  a  equivalent  strain  of  2%  was  aproxima- 
tely  the  same  as  that  observed  in  the  laboratory 
s imul at  ion  test. 


CONCLUSIONS 

The  evaluation  of  the  effect  of  chemical 
composition  (carbon,  manganese,  silicon  and 
phosphorus)  and  coiling  temperature  on  the  bake 
hardenability  and  drawability  of  aluminum  kil¬ 
led  steels  gave  the  following  conclusions: 

-  The  bake  hardenability  is  reasonably  in¬ 
creased  by  lowering  carbon  and  manganese  con¬ 
tents  and  adding  silicon  and/or  phosphorus, 
even  for  slow  heating  rates  during  annealing. 

-  The  use  of  a  steel  with  carbon  content 
about  0.02%  and  manganese  about  0.2%  and  sili¬ 
con  plus  phosphorus  in  the  range  of  0.1  to 
0.6%  allows  an  increase  of  more  than  30  MPa  in 
yield  strength  and  10  MPa  on  tensile  strength. 

-  The  chemical  composition  studied  produ¬ 
ces  a  material  with  good  drawing  properties. 
Lowering  carbon  and  manganese  contents  below 
the  level  of  usual  drawing  quality  steels  im¬ 
proves  Lankford  R  value.  With  the  addition  of 
silicon  or  phosphorus,  R  value  is  not  apparen¬ 
tly  af  fee  ted . 

-  The  use  of  high  coiling  temperature  in¬ 
creases  the  bake  hardenability  and  decreases 
drawing  chart  .'ter  ist  i  cs  (R  value). 

-  It  has  been  possible  to  produce  on  in¬ 
dustrial  scale  a  medium  strength  bake  hardena- 
ble  steel,  with  good  drawing  characteristics, 
using  batch  annealing  process. 

-  Formed  panels  with  small  strains  (.2%) 
could  achieve  an  increase  in  yield  strength  of 
90  MPa  after  processing  on  the  industrial  line. 

-  The  treatment  of  180°C  x  20  minutes  ade¬ 
quately  simulates  an  industrial  painting  line 
for  this  material,  because  no  change  in  mecha- 
ical  properties  can  be  observed  after  this 

t  reatment . 
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